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SUMMARY. 
The Li strain of Pseudo mo n as a er u gin o s a 
produces in suitable me<lia two main red pigrrents, referred to as 
pigments A and B.. The cultures of these organisms go through various 
yellow colour stages before red pigmentation results. Attempts have 
been made to establish the order in the formation of these red pigments, 
but only a possible sequence could be suggested. 
In order to study the conditions for optimum production of red 
pigments some :rreru1s of determining these quantitatively had to be 
developed. A good separation of pigments A and B has been achieved by 
means of paper chromatography, this forming the basis for their 
quantitative evaluation. 
Pigment production by these organisms is variable, whole batches 
of cultures often producing none, or only little, of the red pigments. 
Subculturing the bacteria on agar-slopes resulted in a marked decrease 
in red pigmentation, which could, however, be restored to its original 
value by passing the organisms through certain media. Because of this 
variability it was found necessary to make dried pellets of the Li 
strain of Pseudo mo n as a er u gin o s a in order to 
standardise as far as possible the bacteria to be able to compare 
various findings at different times. 
In attempting to find a large scale method for the production of 
the two red pigments, it vvas found that the organisms were extremely 
sensitive to the oxygenation conditions under which they grow, optimum 
red pigm3ntation taking place in shallow static aerobic cultures. The 
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relative amounts of the two individual pigments produced in cultures 
of these organisms have been shmm to depend largely on the oxygenation 
conditions, the formation of pigment A being favoured by an increased 
supply of air, or by the inclusion of a chemical source of oxygen into 
the medium, the yield of pigment B being hardly affected under these 
conditions. Mi.croaeropr.d,.'lic cultures, on the other hand, resulted in 
the production of pigment B only. 
The possibility that pigments A and B are interconvertible vvhen 
added separately to an actiwly growing culture, grovm. under oxygenation 
conditions which favour their individual formation, was investigated.. 
Some of the findings indicate that the organisms can convert pigment A 
to pigment Bwhen employing a medium lacking glycine. 
Gr-owth and red pigment production vra.s found to depend very much on 
the composition of the medium in which the organisms of the Li strain of 
Pseudo mo n as a er u gin o s a grow. The ions, Mg, S04 , 
K, P04 and Fe have been found essential for good red pigment formation, 
the various amino acids and carbon sources present in the medium greatly 
affecting the yields of pigments A and B. 
The pH changes which talce place in cultures where red pigroont pro-
duction is good are similar, their pH curves all showing two or three 
depressions vm.ich appear to be due to the formation of a number of 
products, including the precursors of pigment A and Band the red 
pigments themselves. The production of pigment A always talces place 
between a pH of 8.0 and 8.5, pigment B being present in maximum amounts 
only when the cultures have reached their highest pH, a stage when the 




The behaviour of some of the many variants of the Ir-strain of 
P s e u d o m o n a s a e r u g i n o s a has been studied and 
reported on • 
relative amounts of the two individual pigments produced in cultures 
of these organisms have been shovvn to depend largely on the oxygenation 
conditions, the formation of pigment A being favoured by an increased 
supply of air, or by the inclusion of a chemical source of oxygen into 
the medium, the yield of pigment B being hardly o.ffected under these 
conditions. MicroaeropbJ_~ic cultures, on the other hand, resulted in 
the production of pigment B only. 
The possibility that pigments A and Bare interconvertible when 
added separately to an actively growing culture, grown under o:xygenation 
conditions which favour their individual formation, vras investigated. 
Some of the find:ings indicate that the organisms can convert pigment A 
to pigment Bwhen employing a medium lacking glycine. 
Grovrth and red pigment production vra.s found to depend very much on 
the composition of the medium in vrhich the organisms of the Li strain of' 
Pseudo mo n as a er u gin o s a grov;. The ions, :Mg, S04 , 
K, P04 and Fe have been found essential for good red pigment formation, 
the various amino acids and carbon sources present in the medium greatly 
affect:ing the yields of pigments A and B. 
The pH changes which take place in cultures where red pigroont pro-
duction is good are similar, their pH curves aJ.l showing tv;o or three 
depressions which appear to be due to the formation of a number of 
products, including the precursors of pigment A and Band the red 
pigments themselves. The production of pigment A al,vays talces place 
between a pH of 8.0 and 8.5, pigment B being present in maximum amounts 
only when the cultures have reached their highest pH, a stage when the 
respiration rate of the culture has dropped to about zero. 
The behaviour of some of the many variants of the Ir-strain of 
P s e u d o m o n a s a e r u g i n o s a has been studied and 
reported on. 
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Structural investigations on pigments 
"A" and "B" • • • • • • • • • • • • • (i) 
I N T R O D U C T I O N. 
Gessa.rd (1882) established that the blue-green discoloration 
of purulent secretions ana_ of pus was due to the presence of 
"Ba c i 11 us p yo cyan e u s 11 , which colours the pus 
blue, due to the formation of the blue pigment pyocyanine. The 
name given to these organisms was later changed to 
Pseudo mo n as p yo cyan ea, and its official name 
to-day is Pseudo mo n as a e r u g i n o s a. These a.re 
slender Gram-negative, rod like organisms , about 1 - 3µ by about 
o. 5 µ in size. Terminal flagella give them a rapia_ motility. 
In cultures these bacteria may occur in clumps, or in long or 
short chains. They are aerobic , and grow poorly under anaerobic 
conditions. The optimum temperature of growth is 37°0, but the 
organisms can grow at room temperature. Little is knevm about the 
chemical composition of Pseudo mo n as aeruginosa. 
These bacteria havo 
1 
according to Nicolle and Alilaire a free 
water content of 74.99% and a nitrogen content of 9.7r.rfo, based on 
2 
the dry weight of the organisms. Wheeler found their ash content 
to be 9. 04%. The chemical composition of bacteria in general , 
however, ·will vary according to the cornposi tion of the medium in 
which they grow, the age of the organisms, and several other factors. 
A great many bacteria, including some species of' 
Pseudo mo n as, produce a variety of pigments, those which 
3 






Up to now several phenazine pigments have been isolated from 
cultures of' Pseudo mo n as , and the structure of' some have 
been clearly established. 
Pseudomonas a er u g in o s a produces among 
other pigments the blue pyocyanine which was the first phenazine 
4 
derivative to be found in nature. Wrede and Strack isolated 
this pigment from broth cultures of' P s e u d o m o n a s 
6 
a er u gin o s a, and Schoental from agar cultures. 
4 
Wrede 
and Strack determined the structure of' pyocysn.ine (I) and con-
f'irmed it by synthesis. Pyocyanine is freely soluble in 
chlorof'orm under alkaline conditions, and it may be extracted 
from cultures with this solvent. Under acid conditions its 
colour changes from blue to red, being then no longer soluble in 
chloroform., but is extracted into the acid aqueous layer. The 
salt possesses the structure shown in II. 
I 
OH 




The absorption spectrum ,vas deterrninea_ by Nitzsche in 1944, 
7 
and later confirmed by Mirvish and Holliman in 1950. 
Older cultures of Pseudo m o n as a e r u gin o s a, 
which initially produce pyocyanine , contain a second pigment lmmm 
as hemipyocyanine (1 - hydro::xyphenazine) (III) . 
III 
8 5 
Hemipyocyanine was isolated by Fordos and later by Schoental , 
4 
and it was prepared from pyocyanine by Wrede and Strack • 
9 
Pseudo mo n as ch 1 or or a phis produces the 
green pigment chlororaphin, which on exposure to air is quickly 
converted to the yellow oxychlororaphin. The structure of cbloro-
10 11 
raphin was investigated by Kogl and Postows...lcy" , Kogl and Tennis 
12 
and by Mcilwain • Chlororaphin is composed of one molecule of 
the amide of phenazine-1-carbo:xylic acid (IV) and one mole<J'Ule of 










W. c. Ha.yes and his co-vmrkers, as well as IG.uyver and his 
co-vrorkers, reported on the main pigment produced by 
Pseudo mo n a a au re of a c i ens; they isolated 
phenazine alpha-carboxylic acid (VI) from cultures of these 
bacteria. 
VI 
.Another phenazine pigment, the purple iodin:i.n, is formed by 
Chromobacterium iodinu~ The pigment 
1 4 
iod.inin was shown by Clemo ana. Mcilwa:i.n to be the di-N-oxide 
of a dihydroxyphenazine. The possibility that it was 1:2-
15 
dihydroxyphenazine vvais eliminated by Hegedlis a The synthesis of 
16 
1:3-d.ihydroxyphenazine by Clemo and Daglish completed the 
investigation of the four possible isomers containing two hydroJcy"~ 
gr-cups in the same ring. It has since been shown by Clemo and 
17 
Daglish that the two hydroxyl groups in iodinin (VII) occu-.i?Y the 
1:5-positions: 
VII 
A number of pigments other than phenazine derivatives are 
produced by Pseudo m o n a . a; these include a lyochrome 
from Pseudo mo n as 
18 
fluorescens ,andthe 
blue pigment indigoid.ine from Pseudo mo n as 
19 
indigofera • 
Further investigations carried out on the pigments produced 
by P s e u a. o m o n a s a er u g in o s a ~~re discussed 
13 
by J.A. Rivera in the Symposium on Bacterial Pigments 




pigments could be detected by paper chromatography, but he has not 
reported on their isolation or structure. 
20 
In 1948 Don and van den Ende isolated the I,..strain of 
Pseudomonas a er u g in o s a from the urine of a 
patient suf'fering from cystitis following partial resection of 
the bladder. It produced on Hartley's agar a yellovv fluorescent 
pigment which changed after a few days of incubation at 37°C or at 
room temperature to a clear red, which persisted for several 
months. They found that the red pigment produced by their isolated 
strain appeared to consist, at least in part, of a substance 
differing from pyocyanine in solubility and reaction to change of 
pH. It differed also from the brown discoloration which occurred 
on prolonged storage of the usual pyocyanine producing strains. 
The red strains appear to be relatively rare. They have 
:n 
been studied by Gessard. 
22 
and by Meader • Meader considers 
three pigments, viz. pyocyanine, fluorescin, and pyorubin to be 
present in all strains but to varying amounts. He considers that 
pyorubin is present in the vast majority of strains, though usually 
masked by the pyocyanine, and only shovrs up when the pyocyanine is 
bleached by oxidation. The pigments appear to be derived 
2:3 
originally f'rom leuco-base~. - Gaby described in his wor k three 
strains but did not include a red strain in his series. 
24 
Professor F.G. Holliman of this University has succeeded 
in isolating srna.11 amounts of t wo red pigments f'rom the L strain 
20 
of Don and van den Ende and is at present investigating their 
structure. The isolated pigments are crystalline and water 
soluble; both appear by their absorption spectrum to be related 
to 2-aminopr.cruizinc (VIII). 
VIII 
He has also studied some of the conditions which will pormi t 
optirrrum production of red pigments in these strains with a view 
to find a large scale method so that larger amounts of the red 
pigments can be isolated for their structural investigations. 
This work has been continued by the author and a report of his 
findings will be given in this thesis-. 
Pigmentation by micro-organisms is governed by a variety of 
26 
factors . Reid shovved that the principal element essential for 
the production of pigments by bacteria is nitrogen. The 
literature on this subject in general is so large that it is 
:impossible to give an extensive review. Only brief mention of 
7. 
some of the studies, as applied especially to the pigment production 
in P s e u d o m o n a s a er u gin o s a, will therefore be 
given. The supply of certain mineral salts, the carbon and nitrogen 
sources, the pH of the medium, temperature of incubation, and the 
oxygen supply are all factors vvhich may at times govern pigment 
production by bacteria. 
26 
Demby reported on the pH requirements for the growth of 
Pseudomonas a er u gin o s a , 5. 6 being the 
minimum pH, 8. 0 the maximum pH, and a pH of 6. 6 - 7. 0 being the 
27 
opt~'llU!Il for growth. Stearn and Stearn found that best pigment 
production in Pseudo mo n as 
occurs between a pH of 6. 8 and 7. 3. 
a e r u g i n o s a 
Little has been reported on the effect of various oxygenation 
conditions on pigment production in P s. e u do mo n as 
a e r u g i n o s a . The author has given rrnich attention to this 
section in his studies on the behaviour of these organisms. 
The composition of the medium has a marked ef fect on grovvth 
and pigment formation in P s e u d o m o n a s a e r u g i n o s a. 
28 
Robinson considered phosphate and probably magnesium as essential 
s. 
constituents of the medi~. Available sources of nitrogen for 
growth were ammonium salts, nitrates, and amino acids; available 
carbon and. energy sources include acetate, lactate, citrate, 
glycerol , dextrose, amino o.cids, ethanol, and n-butanol. Robinson 
worked out the optimum ranges of concentrations of several con-
stituents in his media, and he found that these tended to be rather 
more limit ed for pigmentary activity and anaerobic grrr,rth than for 
29 
aerobic grovrth. Webster and Bernheim showed in 1936 that 
Pseudomonas a c r u g i n o s a can break dorm various 
amino acids to unidentified products, CO2 and NI:Ta ; the amino acids 
include: glycine, alanine , valine, leucine, iso-leucine, and 
30 
phenylalanine. Pandalai and Rao studied the nutritional 
requirements of ten strains of P s e u d o m o n a s 
aerugino sa. They showed that phosphate was essential 
for growth of the organisms, and that sulphur in the form of S04 --
ands-- irr!proved pigment formation. 
essential for pyocya.nine production. 
lactate was found to be 
31 
Ph. ui.sseur and his 
co-vvorkers found that there was no :fluorescence with 
P3:'eudomonas a er u gin o $ a , variety pyocya.nogenes , 
in the absence of :M.g, and a maximum amount with 100 - 500 mg. of 
32 
MgS04 per 100 ml. of the employed medium. Di Maggio again 
showed that Pseudo mo n as n: e r u g i n o s, a retained 
its capacity for reproduction, motility, pigment production, and 
fermentations in media lacking Na., Mg, Ca, and K ions. Pigment 
production took place in synthetic media containing glucose or 
mannitol as sole carbon source. Peptone had an inhibitory 
effect on pigment production. 
33 
Burton, Campbell, and Eagles fotmd that amino acids can 
replace peptone in media used for the production of pyocyanine 
by Pseudo mo n as a er u gin o s a. The addition 
of L-leucine to a medium containing glycine or DL-alanine 
increased pyocyan:i.re formation whereas DL-phenylala.nine under 
similar conditions was an inhibitor. Uniformly good pyocyanine 
yields were obtained with 5 different strains of 
Pseudo mo n as a er u gin o s a in a medium contain-
ing 0.4% glycine or DL-ala.nine, 0.3% L-leucine, 1% glycerol, and 
a salt mixture containing K, Fe, Mg, Cl, phosphate and sulphate. 
Media with acid hydrolysed casein wer e also found to be satisfactory. 
These workers also studied the mineral requirements for pyocyaninc 
34 
production • Growth and pyocyanino formation by· 
Pseudomonas a er u g in o s a was studied in a 
medium containing 1% glycerol , o. e,/o glycine, o.e;fo L-leucine and 
various salts. The optimal salt concentrations vrere o. 0-zf/o ~ HP04 , 
O. 05 - O. 5% MgS04 • 7E'z O, and O. 0005% FeS04 • ~ O. .All five of the 
above ions were necessary for pyocyanine formation. The presence 
of various other ions in the medium either inhibited growth or 
36 
pyocyanine production. King, Campbell, and Eagles found 
that the following salt mixture gave the highest yields of 
fluorescin w.i.th Pseudo m o n as a e r u g i n o s a 
in a 1% glycerol medium: o. 01% 1'fgCl;a., o. 06% ~HP04 , o. 005% 
~ S04 , and O. 05 p. p. m. of Fe013 • The formation of pyocyanine 
10. 
was also studied and found to be dependent mainly on the concentrations 
of so4 -- and Mg++, whereas Fe+++ was the most critical element for 
fluorescin production. 
36 
Totter and Moseley studied the influence of the concentration 
of iron on the production of fluorescin by Pseudo m o n a a 
a er u gin o s . a. At a final pH between 6 and 8.5 the production 
of fluorescin by these organisms is related inversely to the con-
centration of iron in the medium. 
37 
The studies of Hellinger on 
the pyocyanine production by a strain of Ps e udo mo n a s 
a e r u g i n o s a, grmm in static cultures, indicated that Mg, 
P04 , S04 , and NJ4 ions should be added at the time of inoculation 
if maximum yields of pyocyanine were to be obtained.. The carbon 
sources preferred wer e glucose , ethanol or glycerol. The presence 
of Ca., Na., K or Fe ions was not required for maximum yields of the 
pigment. 
24 
Holli.rnan in his investigations found that the follow:ing 
medium gave good r ed pigment production by the Li and Lii strains 
20 
of Ps e udo m o n as a e r u g in o s a when the 
cultures wer e incubated sloped and static at 37°C: 0.1% Irleucine., 
O. 5% glycine., O. 5% manni tol, O. jfo MgS04 • ™2 0., O. 03% KB.a P04 , and 
O. 00:1% FeS04 • ™2 0 ( from a stock solution of 1% FeS04 • ~ 0 in o. 02N 
~ S04 ) • The pH of this medium i s adjusted to 7. 0 vri th KOH. 
T'.ne reports from various vrorkers on t he influence of certain 
components of their media on the pigment production by 
11. 
Pseudo m onas a e r u gin o s n. in general a.re not in 
good agreement. The r equirements for optinrum grmvth and pigment 
production by the individual strains of these organisms nrust thus 
be carefully studied. 
ERIBF OUTLINE OF THE PROBIEM. 
There are many strains and variants of Pseudo mo n as 
a e r u g i n o s a, and of the range of pigments they produce, . 
20 
two red pigments from the Li and Lii strains are formed in 
relatively high concentration. The problem under investigation 
involves: 
(1) The isolation of the two red pignents. 
(2) The elucidation of the structure of these pigments. 
(3) Observations in the red pigment production. 
(4) The biological sequence in the formation of these two 
pigments. 
The work on the isolation of the t wu red pigments, referred to 
in this thesis as "pigment A" and "pigment B", and the elucidation 
24 
of their structure has been started by Holliman and the 
investigations are still in progress. The more important 
observations in the red pigment production by the Li and Lii strains 
of Pae u do mo n as a er u gin o s a include: 
(a) Variability of the organisms. 
(b) Sensi ti vi ty of the organisms to : 
oxygenation conditions; 
the composition of the medium. 
(c) pH changes during growth and pigment formation. 
(d) Respiration rates of the organisms during growth 
and pigment formation. 
Many private comrrrunications f'rom Professor Holliman on bis 





Pl\RT 1: Cleaning and sterilizing of apparatus. 
All glass,vare vms brushed using Teepol, rinsed at least 
ten times with tap water , and then thoroughly rinsed with distilled 
water. After drying, all openings were plugged ·with cotton wool. 
Sterilization of all apparatus by dry heat i.vas carried out at 
a temperature of 180°0 for at least one hour, and by moist heat 
under a pressure of 15 - 18 lbs. for 20 minutes or longer. All the 
usual precautions regarding the manipulation and packing of the 
autoclave were strictly observed. 
The cleaning of the glassvrare , the preparation of all media , 
the sterilizing of all apparatus and media, as well as all 
inoculations were carried out by the author. He was thus solely 
responsible for all operations, and he could ensure , within reason, 
that no foreign material or unvmnted micro-organisms were intro-
duced into the cultures, which would have spoilt the experiments 
and would have maa_e the observations and findings unreliable. 
Much time was therefore spent on the preparation of the w.any 
ex-periment s. 
Pl\RT 2: 1futhods of inoculation. 
38 
Porter and other workers reported that the size and age 
of the inoculum appear to have a considerable effect on the 
adjustment of an organism to a fresh medium. The author in his 
vrork has thus attempted to standardise the inoculum as far as 
possible. For all quantitative work the "parent culture" 
originated from a pellet* of the dried organisms of the Li strain 
of Pseudo mo n as a er u gin o s a. One to two 
pellets were aseptically transferred to a boiling tube containing 
:':,~ 
15 ml. of the "G.L.M."' liquid medium, shaken, then closed with a 
cotton wool plug and incubated sloped at 37°0. A loop-f'ull at a 
14. 
time of the surface growth of this culture, which took 24 - 48 
hours to develop, wn.s used to inoculate further boiling tubes 
containing 15 ml. of the G. L. M. medium, which vrere closed with a 
cotton wool plug and incubated sloped at 37°C. These cultures are 
in this thesis referred to as "parent cultures". A loop-f'ull of 
the surface growth of one of these parent cultures, after 24 hours 
of incubation, was used as an inoculum for a medium, which, in this 
thesis, is then said to be "inoculated". 
It is found that the Li strain of Pseudo m o n as 
a er u gin o s a forms a pelliclc on the surface of the G.L.M. 
liquid mediu"'ll., which on shaking results in clur.rping and it is 
therefore difficult to obtain a uniform inoculum from liquia. 
cultures of these organis,;1s. If, hm7ever, after shaking the 
parent culture, the clumps are allowed to settle to the bottom 
of the tube, it is possible to withdraw a portion from the centre 
* Making of pellets, page 36. 
** Composition of the G.L.M. medium, page 22. 
15. 
of the culture vmich then contains the organisms in a finely 
dispersed form. This dispersion is in this thesis referred to as 
the "starter" of the Li strain of Pseudo m o n a s 
a e r u g i n o s a., which is used in experiments vvher e comparative 
results are required. Equal volwnes of the "starter" were used for 
all inoculations in a series of experiments. 
For other sots of experiments, where the inoculum had to be 
standardised even more carefully, a large quantity of the medium 
was inoculated with a knovm volume of the "starter11 , shalcen, n.nd 
several portions of this wer0 aseptically transferred to sterile 
culture vessels, each culture then being allowed to develop under 
specified conditions. 
A modified method of inoculation vro.s used whenever a new 
medium was tested for its suitability for growth and red pigment 
formation. The surface growth of the "parent culture" vro.s used as 
an inoculum for the new medium and tho surface growth of this sub-
culture was then used to inoculate all the culture vessels containing 
the same medium under test. In this way the transfer of unwanted 
material from culture to culture wn.s minimized. 
PART 3: ,Measurements of respiration rates. 
Respiration rates were used as a measure of viable cells 
on account of the clumping of the organisms in liquid cultures 
prohibiting the use of the dilution-plate counting methods. 
16. 
The respiration rate of the organisms at 37°C was determined 
by the rnanometric technique, using the Warburg Manometer. 2 ml. 
of the culture under examination were used for each determination, 
placing into the centre well of the flask a small roll of filter 
paper moistened with o. 2 nu. 10}b KOH, so increasing the surface 
area for the absorption of CO2 • The respiration rate is expressed 
in µl of ~ per ml. of culture per hour. 
PART 4: Method employed for the guantitative estimation of 
pig;rnents "A111 and "B". 
The Li and Lii strains of P s: e u do mo n as 
a e r u g i n o a- a produce red pigments under favourable con-
ditions in suitable media. In order to study the conditions for 
optimum production of red pigments some means of determining these 
quantitatively had to be developed. At the beginning of the 
biological vvork the red colour intensity was judged visually, 
primarily to see ,vhether any red pigments were produced or not. 
I.a.ter the colour intensity ,vas estimated color:i.metrically on 
filtered cultures. Obvious shortcomings of this method are, that 
(i) the cultures contain a mixture of pigments, and 
hence the determination of individual pigments 
is impossible; 
(ii) during filtration pigments are adsorbed on to the 
filter pad; 
(iii) only approximate relative values of total red 
pigment concentration can be obtained as no 
suitable standard can be used. 
The red pigments could not be extracted directly and individually 
from the cultures with organic solvents. A suitable method had 
17. 
thus to be devised. 
A good separation of pigments A and B has been achieved by 
means of paper chromatography. It was soon recognised that this 
method had immense possibilities for the quantitative determination 
of these t wo red pigments. The upper layer of a 5 : 1: 4 mixture 
of n-butanol, acetic acid and water was found to be a good solvent 
for one-dimensional separation in downward development, using a 
reasonably airtight glass container with a suspended trough to hold 
the developing solvent. 
For the qualitative vrork strips of paper varying from 2 to 3 
inches in width and 14 - 16 inches in length were used. A small 
quantity of the culture was absorbed on to the paper as a spot and 
after drying further quantities were applied. wcation of the 
pigments was achieved by comparing RF values m. th pigments A and B 
which were run alongside the unlmown on the same strip of paper. 
In rrruch of the qualitative 'WOrk the RF value of some of the pigments 
which were studied was not used, but reference was made to the 
distance moved by pigments A and B, the position then being 
specified as RA and. RB respectively. 
Pigment production by P s e u d o m o n a s a e r u g i n o s a 
is variable, 'Whole batches of cultures often producing no or only 
little of the two main pigments. All experiments on pigment 
formation were thus done by growing at least 5 cultures, and then 
ccmbining these before determ:ining the two main pigments 
J 
18. 
quantitatively by paper chromatography. 
For quantitative work 2 to 3 ml. of the combined cultures were 
absorbed as a band in 3 or more applications on to a thick absorbing 
paper. Sheets of 3 ~ paper *varying from 6 - 9 inches in v.riJ.th 
and 14 - 16 inches in length were success:f'ully used. Pigment A 
moves r apidly under these conditions having an RF value of 0.39 at 
20°c, whereas pigment B has an RF value of only 0.10 at 2000, pro-
vided the freshly prepared solvent is used. Other pigments , being 
present in the r ed cultures in :::ms.11 but varying amounts and having 
RF values which differ sufficiently from those of pigments A and B, 
did not interfere in most of the determinations with the separation 
of the two main pigments. Occasionally the "A11 band had to be cut 
off when it approached the bottom of the sheet so allowing the 11B11 
band to separate better from other pigments. 1£>cation of the 
pigments was easily achieved by comparing RF values with pigments 
A and Brun alongside on separate strips with the unknown. 
After separation had been achieved the chromatogram vm.s removed 
from the glass tank and dried at room temperature. The bands of 
pigments A and B were care:f'ully cut out from the chromatogram, 
cut into small pieces and the pigments were then eluted vr.i.th a 
lmovm volume of 1N HCl. The clarified solution was determined 
photometrically by comparison with standard solutions of the pure 
24 
pigments (isolated by Holliman ) in 1N HCl • 
• Whatman. 
19. 
The :m3thod for the qunntit~tive determination of pigments A and 
B was tested in several ways. Known amounts of the pigments were 
applied on to 3 !1rvi~ paper and then the percentage recovery was 
detennined. In the one series of the tests the pure pigments 
were dissolved in distilled water, in another series they were 
dissolved in the G. L.M. medium in order to see whether any 
constituents of the medium do interfere with the separation of the 
two pigments, and in yet another series the pigments were added to 
a culture in which the concentrations of pigments A and B had been 
previously determined by the described method, again to see whether 
any of the other products formed do interfere with the method. The 
concentration of the pigments was varied to extremes in order to 
establish what percentage of recovery might be expected. The 
highest concentrations of the two pigments used in the tests are of 
the order of the concentrations in which they are found in cultures 
which gave good red pigmentation. The following table summarizes 


































































































































































































































































































































































































































































































































































































































































The duplica t e values obtained in the many determinations of 
pigments A and Bin the cultures throughout the whol e investigation 
were alivays in good agreement, the values found r ar ely differed by 
more than 5%. The method, although not very accurate for lO'wer 
concentrations, yet r eproducible in all cases , was therefore 
considered satisfactory for the biological work. 
The standard solution of pi gment Bin 1 N HCl is not stable, 
vvhereas that of pigment A ·was found to keep well. After storing 
the standard solution of B for 6 months in the r efriger ator its 
concentration decreased by 25%. 
SECTION B. 
THE BEHAVIOUR OF TEE ORGANISMS. 





Holliman established that good red pigment formation 
in P s:: e u do mo n as a er u gin o s a, strains Li and Lii., 
talces place when using a mediurn of the following composition*: 
o.1% L-leucine, o. 5% glycine' o. 5% manni tol., o. jfo MgS04. '7R.a o., 
0.03% Kft.aP04 , and 0.001% FeS04 • '7H:aO (from a stock solution of 1% 
FeS04 • ~ 0 :in o. 02 N ~ S04 ) in water. The pH is adjusted to 
7.0 - 7.1 with 1 N KOH. 
This medium has been used by the author :in most of his experi-
mental work. It will :in this thesis be referred to as the 
"Glyc:ine-Ieuc:ine-Mannitol" medium and. will be abbreviated 11v.ith the 
letters "G. L.M. "'· For all slopes the G.L.M. medium with the 
inclusion of 2fo Ba.etc-Agar was used. 
(ii) The effect of' subcultur;ing on G,L.M, slopes. 
G.L.M. slopes, inocule.ted with the Li strain of 
P s e u a om on as a er u gin o s a. , turn dark purplish-
* The effect of various constituents of a medium on pigment 
formation by P s e u a om on as a er u gin o s a in 
general has been briefly outlined in the introduction of this 
thesis. Prof~ Hollima.n.24 experimented 'Vi'ith various media and 
found his above mentioned medium most suitable for red pigment 
production by the Li and Lii strains of Pseudo mo n as 
a er u gin o s a. 
red in a short time, occasionally requiring only 4 days to develop 
their ma.xinn.:un red colour. The follow:ing a.re the average, normal 
colour changes which take place ·when the slopes are incubated at 
37°C : 
After 1 day: very paJ.e yellovr with a green tinge. The 
pigments are only on or just below the 
surface of the agar. 
After 2 days: bright fluorescing yellow. The colour ha.a 
spread throughout the solid medium. 
23. 
After 3 days: still bright fluorescing yellow, but % 11 - 111 
of the tip of the solid medium is turning 
distinctly pink to red. 
After 4 days: orange-red throughout, with the possible 
exception of' the centre portion of the 
medium. 
After 5 cTo.ys: fairly dark purplish rea_ throughout the 
medium. 
Af'ter 6 - 7 days: dark purplish rea.; no further colour 
changes appear to take place after this. 
Even 2 months old slopes arc very dark 
purplish red. 
Not aJ.l slopes of the Li or Lii strains turn dark red. An 
occasional slope has a marked brovm or even olive green tinge. Some 
of the slopes have only a slight rea_ pigmentation. It vras repeatedly 
observed that after several subcultures from slope to slope the 
amount of red pigment produced 11.as small as compared with the 
original slope, snme developing only a very pale pink colour even 
after prolonged incubation at 37°0. This was further investigated. 
Four slopes a t a time were inoculated with the Li strain of 
Pseudomonas aerugino a:a. Successive sub-
C\lltures were made at 24 hourly intervals and they were incubated 
24. 
at 37°C until no further change in colour took place. Only little 
difference in red pi~nentation could_ be observed up to the 3rd. 
subcultures. Thereaf'ter the formation of red colour showed a 
gradual decrease, often accompanied by the development of a brownish 
or olive green tinge. It was repeatedly observed that after 10 - 12 
subcultures the amO'lll1t of red pigment produced vro.s very smaJ.l, and 
further subculturing had little or no effect. 
(iii) The effec·t of subculturing in the liquid G.L.M. medium. 
On inoculating boiling tubes, containing 15 ml. of the 
G.L.M. medium, with the Li strain of P s e u d o m o n a a 
a e r u g i n o s a, plugging these with cotton ,;rool , and incubating 
them sloped and undisturbed at 37°C, dark red pigmentation results in 
6 - 9 days. The following are the average, normal colour changes 
which occur:-
After 1 day: very pale yellow with a green tinge; the 
pigments are just below the surface of the 
culture. 
After 2 days: bright fluorescing yellow. The colour has 
diffused throughout the culture. Surface growth 
is very heavy, the remainder of the culture 
being only hazy. 
After 3 days: Still bright yellow throughout, turning olive 
green or brovm.ish at the tip nearest the plugged 
end of the tube. 
After 4 days: Part of the surface growth starts to settle. 
The colour on the surface of the culture is 
dirty olive green or brownish green, the 
remainder being deep yellow. · 
After 5 days: The tip nearest the plugged end of' the tube 
turns distinctly red. There are otherwise no 
further visual changes. 
After 6 days: 
After 7 days: 
After 8 days: 
25. 
The surface of the whole culture is orange red, 
the remainder being yellowish to brown. 
The culture is purplish red throughout. There 
is no more surface grovrth. 
The culture has cleared and turned deep purplish 
red in colour throughout. 
No further changes appear to talce place, unless the culture is 
disturbed. 
The colour changes in the case of air-bubbled cultures are 
different, turning yellow after U - 48 hours and usually remaining 
yellow to yellow-brown for a further 48 - 72 hours, after which a 
pale to dark red coloration is obtained. 
The effect of subculturing the organism in the G-. L.M. liquid 
medium under certain conditions 1iras investigated as subculturing on 
slopes had a marked effect on red pigment formation. Four boiling 
tubes, containing 15 ml. of ~L.M. medium, vvere inoculated with the 
Li strain of Pseudo mo n a. s a er u gin o s a. Two of 
these were plugged with cotton wool and kept standing upright, and 
through the other tvro a slovr but constant stream of air was bubbled. 
AJ.l tubes were incubated at 37°C for 48 hours after ·which they were 
s.epara tely subcultured into liquid G. L. M. media. At the same time 
two G-. L.M. slopes and two boiling tubes each containg 15 ml. of the 
G. L.M. roodium vrere inoculated, incubated at 37°C, and the red colour 
·was then compared visually after maximum red pigmentation had 
developed. The boiling tube was in this case kept sloped. The 
subculturing was repeated 24 tii-nes, i.e. for over 11h months, after 
which pellets of the organisms were made, kept over P2 0s, and later, 
when a method for the determination of the two main pigments vms 
found, the concentrations of pigments A and B were quantitatively 
estimated. and comparea_ with those of the original pellets, which 
vrere kept under identical conditions. 
Li Strain of Pseudomonns aeruginosa 
l 
G. L. M.. liquid 
(Boiling tubes standing upright) 
G. L. M. aga• 
r 
slope 
after 48 hour~ 
1 
G. L. M. liquid 
1 ) (incubated. 
sloped) 
G. L. M. liquid 








after 48 hours 






continued as above after 48 hours 
continued as above 
' ' ' ' ' ' ' 












Observations after 24 successive subcultures: 
(a) Visual changes : 
27. 
The effect of subculturing in the liquid G. L. M. medium was 
not nearly as pronounced as was the case in the subculturing of the 
slopes. The red pigment production was still quite good even after 
the 24 subcultures. 
There was a gradual decrease in red pigmentation in the slopes 
which were made from the static subcultures. After the 24 sub-
cultures the slopes never developed a purplish red colour, but they 
turned pale orange red to brownis..h. in shade. The slop_es of the 
bubbled subcultures always resulted in dark purplish red pigmentation, 
and in general the red pigments developed faster than in the slopes 
of the static subcultures. 
A gradual decrease in red pigmentation could be observed in the 
sloped liquid G. L.M. cultures which vrere obtained from the successive 
subcultures. Those from the bubbled subcultures always developed a 
purplish red colour, whereas those from the static ones had 
eventually a brownish tinge. The time required for red pigmentation 
was about the same in both cases. 
(b) Changes in the concentration of' the red pigments: 
The pellets of' the original Li strain (not subcultured) , and 
those made from the organisms of' the static and bubbled cultures 
after 24 successive subcultures were placed each separately into 
5 boiling tubes containing 15 ml. of the liquid G. L. M. medium • 
28 • 
.Ai'ter ·24 hours incubation at 37°C fresh tubes containing the medium 
were inoculated with a loopful of the surface growth of each of the 
cultures and kept sloped. Incubation 1,vas continued until maximum red 
pigmentation had developed. The contents of the 5 boiling tubes of 
each batch of cultures ,vas combined and pigments A and B were then 
determined quantitatively. 
results:-
The following table summarizes the 
Origin of Pellets: mg. of pigment A I 
mg. of pigment B 
/litre culture /litre culture 
Original Li 6 42 
Static subcultures 2 24 
Bubbled subcultures 0 16 
Al though the subculturing of' the organisms :in the G. L. :rvr. liquid 
medium resulted in a decrease of red pigmentation, it ·was not nearly 
as marked as the subculturing on the G. L. M. slopes . Further experi-
ments were thus carried out with the view of finding a method to 
restore the ability to produce red pigments , after this ability had 
been lost by successive subculturing of the organisms on G. L.M. agar 
slopes. 
(iv) Restoration of ability to Eroduce red Eigments. 
A series of eA'Periments was carried out to fjnd a method 
by which the ability of' the bacteria to produce the red pigments 
could be restored to its original value. 
29. 
89 
It has been observed by Dr. Don of this University that 
passing the bacteria through Litmus/Milk* in many cases improved 
the production of red pigments, and an investigation of this 
observation was made in the following way. The organisms , obtained 
:from the slopes of subcultures where red pigmentation was very 
poor, were passed in parallel experiments through Litmus/Milk., 
the G. L. M. liquid medium, and Hartley I s Beef Digest** Bt-oth. ~ 
The air supply was varied to the extreme , half of the bottles in 
each case being closed tightly with a screw cap (i. e . limited air 
supply) , the other half beini? plugged with cotton wool (i.e. 
aerobic conditions) . The bottles were incubated standing 
upright at 57°C. 
** 
A medium of Li tmus;1vrilk is obtained by dissolving 105 g. 
of Bacto-Litmus-Milk powder (Di.fco-I.a.boratories) in 
1000 ml. of distilled vva.ter. 


























































































































































































































































































































































































































All slopes were examined visually after no further changes in 
colour had taken place , and only those slopes which were now dark red 
in colour 11vere counted a s having been restored to good red pigment 
producers. As a control the original 6 pale red slopes were further 
subcultured from slope to slope. These all remained poor in red 
pigmen-c formation. This ex-_periment was repeated twice. The 
following tables summarize the f indings of the experL~ents: 
(a) Passing the organisms only once through the media, i.e. slopes I: 
Number of slopes which llII_proved in 
red pigment production: 
Mediwn: 
!j Total: I 12 IMax. Max. 12 Max. 12 !j Max. 
j 




G.L.M. 8 5 8 21 




It made only little difference to the result whether the 
organisms were passed through the medium aerobically or ,ri.th a 
limited air supply, viz. of' the total of 35 "improved" slopes the 
bacteria of 22 passed through t he media where the air supply was 
limited. The red colour intensity in all improved slopes wa:s, 
however, about the same. 
36 
32. 
(b) Passing the organisms twice through the media, i.e. slopes II: 
Number of slopes ~hich improved in 
red pigment production: 
:Medium: : ' 
I 1'1Ta.x. 12 Max. 12 Max. 12 Total: Y..a.x. 36 
Li tmus/iti.lk 5 4 5 
;I 
14 
G.L.M. 9 11 10 30 
Hartley's Beef Digest Bl:'oth 4 5 5 14 
The difference in result when passing the organisms aerobically 
or ·with a limi tea. air supply through the media vvas in this case more 
pronounced, viz. of' the total of 58 11 improved" slopes the bacteria 
of only 16 passed through the media where the air supply vm.s limited, 
but again the red colour intensity in all improved slopes was about 
the same. 
Passing the organisms for a third time through the media had 
little or no added effect. 
The ability of the bacteria to produce the red pigments could 
thus in many cases be restored. Advantage was taken of this in the 
making of the pellets of the organisms (see page 36). 
( V) 111.:I:.-.7tham Is 'Yellow I SloEe II. 
In the beginning of all the biological investigations 
Mr. ~·.hythc.:.1 of the fucteriology Department of this University supplied 
the author with the slopes of the Li strain of Pseudo mo n as 
a e r u g i n o s a for his experimental work. lvhyth::in prepared the 
slopes in the following vm.y : 
Pellet of the Li Strain 
• l 
Hartley's Beef Digest Broth 
after 124 hours 
Hartley's Agar Plate 
after 124 hours 
Picked 2 or 3 colonies and transferred 
into Li tmus;'1filk (bottle tightly closed 
with a screw cap) 
after 124 hours 
Hartley's Agar Plate 
after l 24 hours 
Picked single colonies and inoculated 
with each a Hartley's Agar Slope. 
lk:.ythn.::::i supplied the author on one occasion with tvvo slopes of 
the Li strain, one of which turned red in colour as was expected., 
the other, however, remaining yellow for 5 days , the colour then 
changing to an olive gr:-een to yellow· shade. No red pigments were 
produced, not even on prolonged incubation at 37°c. This yellow 
slope was subcul tu.red for 8 weeks but not one of the subcul tu.res. 
resulted in red pig700nta tion. The organisms of lieytl1.ar::i 's yellow 
slope were then passed several times through Li tmus;Milk, the G. L. M. 
medium, and Hartley's Beef Digest Broth as was done in the e:x:-peri-
ments for the restoration of the ability to produce red pigments. 
Again no red pigmentation resulted. - A large number of boiling 
tubes, containing 15 ml. of the G.L. M. medium, were inoculated with 
the bacteria of Mlythnr-... 's yellow slope ; appro:xiIP.a tely one out of 
every six cultures developed a trace of red coloration, this being 
due to the presence of small amounts of pigment Band/or of another 
red pigment which has an RA~' of 0.14 when using the n-butanol-acetic 
acid-water solvent. Attempts were made to oxidise the filtrate of 
those cultures which turned only yellow in colour, air and ~ ~ being 
used at various pH's. No r ed. colour resulted, whereas the later 
yellow pigments of the normal red cultures could in each case be 
easily oxidised to red at pH 1s higher than 8.o**. In picking 
single colonies i't.~ must have selected a yellm-.: variant. In 
later e:x:-periments the liquid G.L.M. mediuin, shallm, and large in 
surface area, was inoculated with the organisms of the "yellow" 
slope aru1 incubated aerobically at 37°0 ; a fairly dark red colour 
developed after 5 days. Both pigments A and B were found to be 
present, viz. 4.0 mg. and 9. 5 mg. per litre culture respectively. 
Six G.L.M. agar slopes were inoculated with the organisms of this 
culture; not one of these turnea. red, all developing the usual_ 
yellow colour only. 
* 
** 
Tufinition of % and RB, page 17. 
Tb.o ee..se of oxidation with air or !12 02 of the yellow 
cultures or of their filtrates at various pH's vvi.11 be 
discussed more fully in Section B, part 3, p. 81. 
! 
35. 
·The main differences in behaviour between M::tytham 's yellow strain 
and the normal red strain are listed below: 
Ma.ytham 's Yellow Strain: 
(i) Gelatenous growth on G.L.M. 
agar slopes which clears 
completely after 2-3 days 
of incubation at 37°C 
(ii) No metallic effect on 
G. L. M. agar slopes 
(iii) On G.L.M. agar slopes only 
a 'dirty' yellow colour is 
produced. 
(iv) On drying the organisms on 
G. L. lvi. agar plates II scales 11 
are formed. 
(v) In a sloped liquid G.L.M. 
medium dnly a dirty yellow 
colour (occasionally a 
very pale red colour) is 
produced. 
(vi) No clearing of the cultures 
in the liquid G.L.M. medium 
takes place at all. 
(vii) Bubbled G. L.M. cultures 
produce heavy white growth 
only. 
(v±ii) Under microaerophilic 
conditions in the G. L. M. 
medium a very pale pink 
may result 
'· ' 
The Red Strain : 
( i) Firm growth on G. L. M. 
agar slopes which clears 
only after one to two 
weeks of incubation at 
37°C 
(ii) Very often a metallic 
effect on G. L. M. agar 
slopes. 
(iii) On G.L.M. agar slopes a 
deep purplish red colour 
is produced. 
(iv) On drying the organisms 
on G. L. M. agar plates a 
"pO'wder" is formed. 
( v) In a sloped G. L. M. mediu.rn 
a dark purplish red 
colour is formed. 
(vi) Clearing of the cultures 
in the liquid G.L.M. 
medium takes place prior 
to deep red pigmentation. 
(vii) Bub bled G. L» M. cultures 
may produce occasionally 
heavy white growth only, 
but normally result in 
pale to dark red pigment-
ation. 
(v:i:li) Under microaerophilic 
conditions in the G. L. M. 
medium a fairly dark red 
colour results in the 
majority of cultures. 
.· 
:iY"iaytham I s Yellow Strain: 
(ix) The yellow· pigments 
produced in the liquid 
G. L. M. medium cannot be 
oxidised to red. 
The Red Strain: 
(ix) Most of the yellow 
pigments produced in 
the liquid G.L.M. 
medium can be oxidised 
to red. 
36. 
The results of further investigations on il'hytl:J.n.ra •s yellow strain 
will be reported on in later sections of this thesis. 
(vi) The making of pellets of the Li strain of 
Pseudomonas aerugino s, a. 
It was found necessary to produce pellets from the Li 
strain of Pseudo mo n as a er u g in o s a ·which ·was 
specially subcultured in ora_er to produce the optimum amm.mt of 
red pigments, as : 
(a) the slopes supplied by the Bacteriology Department of 
this University gave inconsistent, occasionally even 
poor, or no red pigmentation* ; 
(b) to standardise as far as possible the bacteria to be 
able to compare various findings at different times; 
(c) to produce as rrruch as possible of each of the pigments 
on a large scale, so facilitating their isolation by 
Professor ·F.G. Holliman of this University. 
In this full advantage vro.s taken of the findings of Section B, 
Part 1 (iv) of this thesis. 
the follovring subcultures : 
The pellets were thus obtained from 
* M'lythru.1 1 s yellow slope · produced no red pigments (Section B., 
Part I (v) ). 
; Original Pellet of the Li Strain 
J 
Hartley ' s l?eef Digest Br.-oth 
l after 24 hours 
Hartley ' s Aga:r Plate l after 24 hours 
Picked 2 or 3 colonies and transferred into 
Litnrus/Milk (bottle tightly closed) 1 after 24 hours 
Hartley's Aga:r Plate l after 24- hours 
J Picked single colonies o..nd inoculated with 
\, each a Hartley's Agar slope t after 24 hours 
G. L. M. liquid medium 
J 
a:E'ter 24 hours 
I 
Took surface gr0vvth and. inoculated Litmus/Milk 
(bottle tightly closed) l after 48 hours 
G. L.M. Aga:r plate. Picked several colonies 
and inoculated G. L. M. liquid (bottle tightly 
closed) 
lafter 48 hours 
G. L. M. Slope 
l after 24 hours 
G.L.M. liquid medium (kept aerobically) l after 24 hours 




(The pellets were prepared by the Bacteriology Department of this 
* University). 
38. 
Five separate batches of pellets were made and kept over P2 Di,. 
They were tested in the follmving way : 






1 after 24 hours 
G. L. w.... slope 
after 24 hours 
G. L. M. slope 
Both, the final G.L.M. liquid cultures and the slopes developed 
after a week of incubation at 37°C a dark purplish red colour, being 
approximately equally intense for all five batches of pellets. No 
method for the quantitative determination of pigments A and B was 
available at that time . The pellets have kept so far very vrell 
for a period of over 11h years. 
* 
40 
The method was developed by Lord Stamp in 194-'7. 
SECTION B. 
PART 2: The effect of oxygenation. 
(a) On red pigment production in general. 
(i) Introduction. 
39. 
The Li strain of Pseudo mo n as a e r u g i n o s a 
grows best under aerobic conditions, poorly microaerophilically, and 
there is only slight growth under conditions where the air supply is 
strictly limited to a minimum (i.e. almost anaerobic conditions). 
Red p igment production occurs best in aerobic cultures, but can also 
take place microaerophilically, and no red pigments are formed under 
conditions where the air supply is strictly limited to a small volume. 
For the purpose of this thesis the meaning of some of the terms 
used are: 
"Aerobic" cultures are those which are in contact with air, 





slow diffusion of air through the cotton wool plug 
used for closing the culture vessel; 
passing air over the surface of the culture; 
bubbling a fine stream of air through the culture; 
disturbing the surface of the culture continuously 
by the mechanical shaking of the culture vessel 
which is sealed with a cotton wool plug. 
The organisms in "microaerophilic" cultures grow in a medium 
not totally devoid of oxygen; these cultures are covered with a 
1,{ - ~ inch layer of autoclaved medicinal liquid paraffin, so 
-
allo~r:i.ng a very slow diffusion of oxygen into the culture. 
A culture which is all<Jvved to grow in a "limited" amount of 
oxygen is one wher e the oxygen supply is strictly limited to that 
amount of o:xygen which the meaium ana. the culture vessel, sealed 
with a rubber stopper, contains. 
A "static" culture is one which is never disturbed during 
its period of incubation. 
40. 
It has been conclusively established that optimum red pigment-
ation takes pl2.ce in sh.D.lloi:,· st11tic aerobic cultures where the 
culture vessel is sealed ,nth a cotton ,vool plug when using the 
G. L. M. medium. The mnount of pigment A produced under these con-
ditions varies and rarely exceeds 7 mg. per litre culture and it is 
occasionally completely absent , on one occasion 20.5 mg. of 
pigment A were formed. The concentration of pigment Bis about the 
same in each case, varying on the average from 40 mg. to 46 mg. per 
litre culture. The highest concentration of pigment A is produced 
when including a chemical source of o:xygen into the G.L.M. medium. 
The amount of pigment A produced in G.L. M. media containing 
%% KN03 varies from 14- mg. to 42 mg. per litre culture, and that of 
pigment B again on the average from 4-0 mg. to ~6 mg. per litre 
culture. Somet:Lrnes , however, 2. y,hole batch of cultures fails to 
give red pi87nentation. 
In most cultures small but varying amounts of other red pigments 
41. 
are present; * the one which occurs most frequently has an RA value 
of 0. 14 when using the n-butanol-acetic acid-~-ater solvent. 
Another r ed pigment which is occasionally found hc'"l.s an _RA value of 
o. 52. 
Various oxygenation methods have been studied j_~ order to find 
the optirrrum conditions for red pi gment formation, so that larger 
quantities of these may be obtained on as large a scale as possible, 
so greatly facilitating Professor Holliman's investigations on the 
structure of the pigments. The oxygenation conditions studied -ware: 
* 
I. Aerobic 
(a) Static cultures: 
(il (". 








( d) Shaking cultures. 
II. Microaerophilic. 
III. Interchanging of aerobic and microaerophilic 
conditions. 
IV. Limited air supply. 
V. Use of a chemical source of oxygen. 
(a) Aerobically. 
(b) Microaerophilically. 
( c) With a limited air supply. 
Definition of RA and RB, page 17. 
(ii) Pigment production under aerobic conditions. 
(a) Static cultures: 
42. 
Professor F.G. Holliman in his work has observed that 
good red pigment production took place when using his G.L.M. medium, 
and growing the cultures aerobically and undisturbed. His main object 
was to produce the red pigments on a large scale so that their 
isolation and elucidation of their structure could be facilitated. 
Professor Hol liman used in his large scale method white square Gin 
bottles , with a capacity of approximately 750 nil., each containing 
* 200 ml. of his G.L.M. medium , and incubating the cultures of the Li 
strain at 37°C with the cotton wool plugged bottles lying on their 
sides. This culture has a large surface area, and it is only 
approximately 2 cm. deep. No better large scale method for red 
pigment production has been developed up to novv. 
made , but without much success. 
Many attempts vrere 
Professor Holl:i.man's observations were f'urther investigated. 
Eighteen boiling tubes, each containing 15 ml. of the G.L.M. medium., 
were inoculated with the Li strain of Pseudo mo n as 
a er u g in o s a , a third of them being incubated standing 
upright (cultures deep and surface area small) and the remainder 
being kept sloped, thus incrensing the surface area, and decreasing 
the depth of the culture. One half of the sloped cultures vvere 
* Since the author ' s findings on the effect of KN"03 in the medium, 
Professor Holliman has included %% KN"03 into his G. L.M. medium 
(for composition see page 22) as this modified medium gives an 
increased amount of pigment A without affecting the yield of 
pigment B. 
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once daily aisturbed by brief shaking. All tubes were plugged ,vith 
cotton wool and incubated at 37°0. The unaisturbed sloped cultures 
took 7 - 8 days to turn dark purplish red in colour, the disturbea_ 
sloped ones developed a red coloration in 5 - 7 d.ays, whereas the 
'upright' cultures took from 12 - 18 days, their eventual colour 
having a distinct brown tinge. The contents of the 6 corresponding 
tubes were combined and the concentration of pigments A and B ,r~s 
determined quantitatively. 
results of this experiment:-
The following table summarizes the 
I 
Average number of Pigment A in Pigment Bin 
Oxygenation conaitions days required for mg. per Ji tre mg. per litr-e 
red pigmentation: of culture: of culture: 
Upright culture 15 0 29 
Undisturbed sloped 
culture 8 3 42 
Disturbed sloped 
culture 6 13 27 
The concentration of pigments A and B produced in aisturbed 
sloped cultures varies considerably, hmvever; in another series of 
experiments these yielded only 2. 0 mg. and 15.5 mg. per litre 
culture of pigments A and B respectively. T'ne amounts of the r ed 
pigments produced in static cultures is reasonably constant. 
Almost conrplete clearing of the undisturbed cultures always 
takes place prior to dark red pigmentation, being probably due to 
the lysing of the organisms. This effect, which has been previously 
44. 
24 
observed by Holliman , appears to be related to red pigment 
formation. Disturbed cultures do not clear and pigment production 
in these is never good. 
(b) Bubbled cultures. 
The possibility that good red pigment production 
might take place in vrell aerated cultures was studied. Twelve 
boiling tubes at the time, each containing 15 ml. of the G.L..M. 
medium, vrere inoculated vn.th the Li strain of Pseudo mo n as 
* a er u gin o s a , and to each 1 drop of tri-n-butyl phosphate 
were added in order to prevent excessive frothing. A constant 
stream of air was passed via cotton wool through alJ. cultures, 
through 6 at a rate of approximately 15 ml./minute, and through 
the remainder at a rate of about 60 ml./minute. All cultures 
were incubated at 37°C. At the beginning the red colour 
intensity was judged visually only. 
Red pigment formation vro.s found to be extremely variable under 
the above conditions, rarely being really satisfactory. The slow 
bubblea_ cultures gave,in most cases, a darker red colour than the 
fast bubbled ones, though the reverse was observed occasionally. 
Red pigmentation was achieved usually more rapidly by the former 
method ( (a) above) , requiring on the average only six days. Quite 
a number of the cultures produced no red pigments at all, remaining 
• 100 ml. of tri-n-butyl phosphate were prepared by the method 
described in "Organic Synthesis", Vol. XVI, page 9. 
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white due to the heavy growth of the organisms. Out of a total of 
33 bubbled cultures, 8 developed no colour at all , 11 turned to a 
very pa.le red colour only, the r em.::tinder being fairly dark purplish 
red. Clearing of the bubbled cultures never took place. Owing to 
the great variability in red pigment formation by the bubbling 
methods , the contents of all boiling tubes w-ere combined in order to 
obtain an average value ; the mixture was found to contain 10 mg. of 
pigment A and 20 mg. of pigment B per litre culture, and there 1r1ere 
small quantities of two other red pigments present , one having an RA)~ 
of 0.14 and the other of 0.52 when using the n-butanol-acetic acid 
- water sol vent. 
(c) Variable aeration. 
Aeration by means of slow or fast regular air-bubbling 
through cultures of P s e u d o m o n a s a e r u g i n o s a 
favoured the growth of the organisms, but not r ed pigment formation. 
In static cultures, on the other hand, growth was moderate and red 
pigmentation good. The possibility that variable oxygenation 
conditions might favour both growth and red pigment production was 
thus investigated. 
Conical fla sks of 300 ml. capacity, each containing 100 ml. of 
the G.L.M. medium, ,verc employed. They i7ere all inoculated with an 
equal volume of a "starter"** of the Li strain of 
* Definition of RA and Rn, page 17. 
** Meaning of "starter" , page 15. 
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P s e u d o m o n a s a er u g in o s a , n.nd wer e then incubat ed 
at 37°0. The air supply was varied for each culture, viz. : 
(i) constant r a t e of air bubbling throughout, - as a control; 
(ii) plugged i.vith cotton wool and kept static, - as a control; 
(iii) for the first 24 hours rapid air bubbling, then decreasing 
the r at e at 24 hourly intervals; 
(iv) plugged vlith cotton ·wool for 2? hours, then air bubbling 
first slowly, then increasing the r a te of bubbling at 
24 hourly intervals; 
(v) passing a constant supply of air over the surface of an 
othervlise static culture ; 
(vi) for the first 24 hours rapid air-bubbling, thereafter 
passing a constant supply of air over the surface of 
an otherwise static culture; 
(vii) intermittent aeration of ru1 othen7ise static culture. 
The cultures were incubated until no further colour changes 
could be observed. The method for the determination of pigments 
A and B had at this time not been developed yet, no quantitative 
results are therefore available. Methods (i) and (ii) have been 
discussed previously, the latter giving al,-m.ys good red pigment 
formation, provided the culture is shallov1. All the other methods 
r esulted in only poor to fair red pigmentation. 
observations vrere JIJD.d.e: 
(i) f airly dark purplish r ed aft er 5 days; 
(ii) dark purplish red after 5 days; 
(iii) fairly dark orange red after 6 d.aJrs; 





pale orange red after 5 days; 
fairly dark purplish r ed after 9 dnys; 
pale orange red a fter 8 days. 
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None of the methods, in vvhich the air supply was varied, was 
fonnd to be suitabl e for good r ed pigment formation. Growth of the 
organisms is a l ways good in highly aerated cultures, red pigment 
production, on the other hn.nd , i$ generally unsatisfactory. 
Complete clearing of the cultures , vmich appears to be related to 
deep red pigment a tion, does not take place. There is a varia tion 
in the supply of air in the shallow static culture s as ,-.,ell, and 
here red pigment production is best. The air supply is high at the 
beginning, then d.ecreasing rapidly a s the organisms thrive. Only a 
low concentration of oxygen is thereafter maintained, due to the slow 
diffusion of air through the cotton vrool plug. llfsis of the 
organisms then allows the oxidation by a ir of the yello,;r precursors 
to the r ed pigments. A variation in the supply of air thus appears 
to be nece ssary for good r ed pigment formation, t he concentra tion of 
oxygen, however, being very low on the whole. This vvas not the case 
in the above cultures wher e the air supply was varied, r esulting in 
poor red pigmentation. 
(d) Shaking cultures. 
Red pigment formation by the Li strain of 
Pseudo m o n a s a e r u g in o s a nnder highly aerobic 
conditions vvas studied more out of interest. It ·was suspected 
that red pigmentation would be poor by this method because of 
previous observations, yot the behaviour of micro-organisms under 
extreme conditions is often unpredictable, and such conditions 
should thus be investigated. 
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Four conical flasks of 1000 ml. capacity each containing 100 ml. 
of the G. L. M. medium, 1rere used in this method in order to avoid 
excessive splashing. Three drops of tri-n-butyl phosphate were 
added after inoculation, and the flasks were then fastened on to 
the platform of a shaking machine. ./1..ll flasks were closed with a 
cotton wool plug and the cultures were incubated at 37°C. The 
rate of shaking ,;;,as adjusted to a speed at which the surface of the 
culture was just disturbed so achieving very good aeration. Red 
pigmentation under these conditions took only a short time, Vt>..rying 
from 36 - 72 hours. The following are the average colour changes 
which were observed: 
Af'ter 12 hours: vmite, due to heavy growth; 
.Ai'ter 24 hours: yellow with a green tinge; 
.Af'ter 36 hours: buff to reddish brown in colour; 
.Ai'ter 48 hours: pale purplish red. 
Red pigmentation ,vas , on the whole, poor, pigment A being 
absent or present in trace s only in most cases, and the range in 
the concentration of pigment B being from 3 - 8.5 mg. per litre 
of culture. Occasionally no colour was produced. Clearing of 
the cultures never took place. Slight agitation or aeration 
favours growth of the organisms in the 1 iquid G, L. Mo medium, since 
it aids in breaking up the clumps of cells. Vigorous shaking, 
hovmver, may have led to a dena tura tion of the cellular proteins 
or to cellular disintegration. 
(e) Red pigment production under microacrophilic 
conditions. 
The Li strain of Pseudo mo n as 
a er u gin o s a is capable of growing under microaerophilic 
conditions. The grovrth is poor when using the G. L. M. medium as 
such, but is quite heavy when including KN03 into the medium. 
Previous observations have indicated that pigment production 
was generally good in cultures where the grovrth of the organisms 
was only moderate; it vras therefore felt that pigment formation 
under microaeropbilic conditions should be studied. 
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100 ml. of the G.L.M. medium were placed into a 300 ml. conical 
flask, inoculated vr.i. th the Li strain of P S: e u d o m o n a s 
a e r u g i n o s a , and the surface vvas then covered with a % 
inch layer of medicinal liquid paraffin (s. G. = o. 85), ·which haa. 
been autoclaved previously. The culture vvas incubated at 37°C. 
Hardly any gravvth took place during the first 2 days, after which 
the culture became hazy. On the 11th day a gr-eenish yellow colour 
developed, which changed gradually to a golden yellow. Af'ter 
25 days the colour changed to a pale orange red. Clearing of the 
culture now took place and a fairly dark purplish red. pigmentation 
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developed, aJ.together 33 days after the :hoculation of the mediu.m. 
Similar observations were made when this experiment was repeated 
later. The length of time t aken for red pigmentation varied con-
siderably, viz. from 26 - 42 days. Occasionally only yellow 
pigmentea_ cultures resulted; their filtrate could be oxidised vtlth 
air or R_a02 to a red pigment, having the same RF as that of pigment 
B. The red colour intensity of the cultures varied greatly, 
pigment A ali,vays being absent, and the concentration of pigment B 
lying betvveen 10. 5 mg. to 32 mg. per litre of culture. 
(f) Interchanging of aerobic and microaerophilic 
conditions. 
In the experiments on the restoration of the ability 
to pr oduce red pigments (page 28) some difference in the behaviour 
of the organisms v:as observed when passing these through certain 
media aerobicaJ.ly or through the same media where the air supply i,va.s 
limited. The interchanging of almost extreme conditions was there-
fore investigated in order to establish whether these affect red 
pigment production. 
Two separate 1-litre conical flasks, each containg 200 ml. of 
* G. L. M. medium, were inoculated with equal volunie s of a "starter" 
of the Li strain of Pseudo mo n as a e r u g i n o s a 
and incubated at 37°C. One culture was grown aerobicaJ.ly by means 
of shaking , the other vms kept microaerophilically by being 
covered with a 1h inch layer of sterilized medicinal liquid 
• Meaning of "starter", page 15. 
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paraffin. After 48 hours of incubation 100 ml. of each culture Yrere 
transferred into sterilized 1-litre conical flasks, and the 
oxygenation conditions were interchanged., viz. the original aerobic 
culture was now kept rnicroaerophilically and vice versa. 
Li strain of Pseudo mo n as aerugino sa. 
Grow aerobically 
by menns of shaking 
after 48 hours 
Grm7 rnicroaerophilically 
after ~8 hours 
l 
Continue to grow 
aerobically by 














Grmv nmr aerobically 
by means of shaking 
All samples were incubated until maximum red pigmentation had 
d.eveloped; the colours were compared visually only: 
Culture I: pale purplish red after 3 days; 
Culture II: yellow-brown after 2 days, pale orange red 
after 13 days; 
Culture III: fairly dark purplish red after 37 days; 
Culture IV: · fairly dark purplish red after 3 days. 
Culture Dl developed a much darker red colour than culture I. 
Better red pigment production therefore takes place when the aerobic 
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stage of growth is preceded. by a microaerophilic one. - The a:iJn of 
the next experiment was to establish the optimum length of time for 
the microaerophilic stage which nmst precede the aerobic one in order 
that best red pigment production might result. 100 ml. portions of 
a microaerophilic culture were withdrawn at 12 hourly intervals and 
these were then incubated aerobically by means of shaking: 
Li. strain of Pseudo mo n as a er u g i no a a 
Grow aerobically by 




Ck'ovr aerobically by means 
of shaking after 
24 hours 36 hours 48 hours 60 hours 72 hours 
l 1 l l l 
VII VIII IX X XI 
All samples were incubated until maximum red pigmentation had 
developed; the colours were compared visually only~ 





pale purplish red after 3 days; 
fairly dark purplish red after 29 days; 
pale orange red after 2 days of aerobic growth; 
fairly dark orange red after 2 days of aerobic 
growth; 





fairly dark purplish red after 1 day of aerobic 
growth; 
fairly dark purplish red after 1 day of aerobic 
growth. 
Culture IX, which had a microaerophilic stage of 48 hours, 
developed the darkest red colour. Although red pigment production 
is slightly :improved when nerobic grorrth is preceded by a micro-
aerophilic stage of growth, it is never really satisfactory. Best 
red pigment formation still takes place in static shallm-v non-
bubbled aerobic cultures;. 
(g) Cultures with limited air supply. 
It had already been established that the conditions 
for optimum growth were by no means the best conditions for red 
pigment formation. Red pigmentation is generally poor in cultures 
where grm.th is good. The possibility that red pigmentation might 
take place under conditions where the air supply is strictly limited, 
- conditions under which growth is very poor - was therefore 
investigated.. 
100 ml. of the G.L.M. medium were transferred into a sterilized 
conical flask with a capacity of just over 100 ml. and inoculated 
* with a knoi.,m volume of a "starter" of the Li strain of 
Pseudomonas a e r u g i n o s a . Sufficient auto-
claved liquid paraffin was poured on to the surface of the culture 
to almost fill the flask, which was then tightly sealed with a 
• Meaning of "starter", page 15. 
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rubber stopper, (culture I). Further 100 ml. portions of the G. L. M. 
medium were transferred into sterilized flasks of 150 ml. (culture II), 
250 ml. (culture III), 500 ml. (culture IV), and 1000 ml. (culture V). 
All flasks were inocula tcd 'With the same volume of the above starter 
of the Li strain, sealed 'With a rubber stopper, and incubated at 
37°C. The following table summarizes the results: 
I 
I Culture: 
Total air G:r:-owth: Colour after 
Colour after 
supply: 1 week : 3 months: 
i 
I about nil very poor white vvhite 
II 50 ml. poor white vvhite 
III 150 ml. poor vmite white 
IV 400 ml. fair white off white 
V 900 ml. 
' 
good yellow green yellow brmm 
The pH of the filtrate of culture Vwas raised 'With KOH from 
7. 4 to 8. 5, at which it coulc:1 now be oxidised with air or ~ 02 to 
a fairly dark purplish red, the colour being chiefly due to the 
presence of pigment B, - pigment A being absent as shown by paper 
chromatography. Red pigment formation under almost anaerobic 
conditions or 'With a small but limited amount of air could thus not 
be achieved by this method. The yellow precursor of pigment B 
could, however, be formed ·when a little air was supplied. 
(h) The use of a chemical source of owgen. 
(i) Inclusion of KN03 into the G,I.M. medium and incubating the 
cultures aerobically: 
28 
Robinson in 1932 showed that the following medium supported 
-
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gt'owth of Pseudo mo n as a er u gin o s a at pH 7.6 
under anaerobic conditions: sodium citrate, 1.0 g.; sodium nitrate, 
0.5 g.; MgS04 , 0.05 g.; phosphate buffer (0.05 M) , to 1(X) ml. 
fu showed thus th.at N03 - can act as a chemical source of o:xygen. 
The enzyme ni tratase vVa.s first observed in E s c h e r i c h i a 
41 
co 1 i by Green, Stickland, and Tarr in 1934 It has since 
been shO\'m that the majority of bacteria can reduce nitrates to 
42 
nitrites. Collins showed that aeration, the depth of the 
medium, and the shape of the flask all had a marked effect on the 
formation of nitrate reducing enzymes by Pseudo mo n as 
a e r u g i n o s a. 
It was observed that the inclusion of a chemical source of 
oxygen into the G.L.M. medium greatly affected red pigment 
formation by the Li strain of Pseudo mo n as 
aerugino sa. Tvmlve boiling tubes, 6 of ,;7hich contained 
15 ml. of the G. L. M. medium, and the remainder each containing 15 ml. 
of the G.L.M. medium with inclusion of 0.5% of KN03 , were inoculated 
with the Li strain of Pseudo mo n a s a er u gin o s a, 
plugged with cotton wool and then incubated sloped at 37°C. Dark 
red pigmentation resulted in the first batch of 6 cultures after 
6 - 9 days, the remainder requiring only 4 - 6 days. The following 
are the avern.ge changes which take place in the cultures which are 
supplied with KN03 : 
After 1 day: bright greenish-yellow throughout; surface 
growth heavy; slight evolution of gas. 
After 2 days: 
After 3 d.ays: 
.After 4 days: 
After 5 d.ays: 
yellow vvi th a brown tinge throughout; 
olive gr-een colour on the surface of the 
culture, the remainder being yellow 
brown w"ith the exception of the tip of 
the culture nearest the plugged end of 
the tube ~vhich is red; 
fairly dark orange red throughout; 
partial clearing of the culture; the shade 
of red is more purplish; 
55. 
the culture has cleared and i~d.ark purplish 
red in colour. 
Qualitative examination of the red cultures by means of paper 
chromatogr-aphy shmved that a number of pigments were produced., 
pigments A and B being again the ma.in ones in the majority of 
cultures • .lct'ter combining the contents of each batch of 6 cultures., . 
pigments A and B were determined quantitatively. The following 
table summarizes the results of three separate sets of exper:iments: 
mg. of pigment A mg. of pigment B 
Medium per litre of per litre of 
culture: culture: 
G.~.M. 3 40 
G.L.M. + %% KN03 20 41 
G.L.M. 0 46 
G.L.M. + 1,{% KN03 42.5 46.5 
G.L.M. 6 41 
G.L.M. +. %% KN03 28.5 42.5 
The inclusion of o. 5% KN03 into the G.L.M. medium results in 
a marked increase in concentration of pigment A. It must be 
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pointed out, hovvever, that occasionally whole batches of cultures 
during several years of investigation resulted in poor red pigment 
formation, 
Further experiments were conducted to determine the amount of 
KN03 to be included into the G. L. M. medium for the optinrum pro-
duction of both pigments A and B. 5 Boiling tubes for each of the 
concentrations of KN03 listed in the table below, containing 15 ml. 
* of the medium, were inoculated with equal volumes of a "starter" 
of the Li strain of Pseudo mo n as a er u gin o s . a , 
plugged with cotton wool, and incubated sloped at 37°C. The 
following results were obtained: 
% of KN03 in the mg. of pigment A mg. of pigment B 
G.L.M. medium: per litre of cul urre: per litre of culture: 
0 7 44 
0.5 14.5 42 
1.0 16.5 33 
1. 5 8 20 
2.0 5.5 12.5 
Best red pigment production therefore truces place when using 
the G. L. M. medium vvi th the inclusion of o. 5% KN03 • The culture 
containing :1% of KN03 required only 4 days for red pigmentation, 
the remainder ta.cing 6 days. With the increase in the concentration 
of KN03 there was also an increase in the amount of another red 
• Meaning of "starter", page 15. 
pigment, having an RA* of o. 52 when udng the n-butanol-acetic 
acid-water solvent. In all cultures the red pigment with an RA 
of 0.14 was present. Occasionally a very slow moving pigment 
with an RA of o. 06, which showed up as a mauve spot on the 
chromatogram, vvas observed. 
Red pigment production in bubbled cultures and shaking 
cultures was generally poorer when the G. L. M. medium contained 
o. 5% of KN03 • In shaking cultures pigment A was always absent. 
(ii) Inclusion of KN03 into the G.L.M. medium and incubating 
the cultures microaerophilically. 
The inclusion of KN03 into the G.L.M. medium had a marked 
effect on red pigment formation by Pseudo mo n as 
57. 
a e r u g i n o s a when the cultures were incubated aerobically. 
Under these conditions more of pigment A was produced than in 
cultures grovvn in the G. L. M. medium as such. The effect on 
pigment production by growing the organisms microaerophilically 
in the G.L.M. medium containing KN03 was thus investigated. 
Growth of the organisms in the G. L.M. medium containing O. 5% 
of KN03 is good, and is accompanied with the evolution of nitrogen 
gas during the 2nd and part of the 3rd day of incubation at 37°0. 
Red pigmentation take~place after 18 - 30 days, the cultures 
containing from 8 mg. to 18 mg. of pigment B per litre, pigment A 
being absent in almost all cultures, and when present then only in 
• Definition of RA and RB, page 17. 
traces. Small quantities of other red pigments are frequently 
present. Occasionally only pale yellow cultures are produced, 
the filtrates of vvhich can be oxidised with air or ~02 to red. 
58. 
An experiment was carried out to determine the amount of KN03 
to be included into the G.L.M. medium for optinrum red pignient 
formation under microaerophilic conditions. 8 Conical flasks of 
100 ml. capacity, each containing 40 ml. of the medium, were 
inoculated with equal volumes of a "starter"* of the Li strain of 
P s e u d o m o n a s a er u gin o s a ,. Liquid paraffjn was 
poured on to the surface~ of the cultures which were then incubated. 
at 37°C. The following table summarizes the results: 
























































































































































































































































































































































Red pigment production on the whole was poor, the medium containing 
1.5% of KN03 resulting in darkest r ed pigmentation. 
(iii) Inclusion of KN03 into the G.L.M. medium and incubating the 
cultures vv.i. th a limited air supply. 
~ 
It had already been shown that no red pigmentation resulted 
in cultures which wer e grovm vr.i.th a very limited air supply (see 
page 53) when using the G. 4 M. medium as such. . The inclusion of 
KN03 into the medium, v~1ich generally affects red pigment formation, 
and then growing the cultures '.:r.i.th a r estricted air supply:, vvas thus 
investigated. 
100 ml. of the G. L.M. medium containing O. 5% KN03 ,vere transferred 
into a sterilized conical flask vr.i.th a capacity of just over 100 ml. 
and inoculated with a knmm volume of a "starter" of the Li strain 
of Pseudo mo n as a er u g in o s a. Sufficient auto-
claved medicinal liquid paraffin was poured on to the surface of the 
culture almost to f ill the flask, which was then tightly sealed with 
a rubber stopper (culture I). Further 100 ml. portions of the 
G.L.M. medium containing o. 5% KN03 were transferred into sterilized 
flasks of 150 ml. (culture II), 250 ml. (culture III), 500 ml. 
(culture IV), and 1000 ml. (culture V) capacity; no liquid paraffin 
was poured on to the surface of t he medium in these cases. .All 
flas..~s were inoculated with equal volumes of the above starter of 
the Li strain, sealed with a rubber stopper, and the cultures were 
then incubated at 37°C • .All cultures turned yellow in colour after 
2 days; no further visual colour changes took place even after 
61. 
3 months of incubation, The filtrate of all the above yellow cultures 
could be oxidised with air or ~ 02 to red; the pigment formed was 
mainly B, pigment A being completely absent . The chromatogram also 
showed the presence of small quantities of two other pigments, viz, 
(a) a red pigment with an RA* of 0, 14, and (b) a mauve pigment with 
an RA of 0. 06 , vvhen using the butanol-acetic acid-water solvent. 
'lhe above experiment was repeated using the G, L. M. medium with 
the inclusion of 1,5% KN03 , an amount which resulted in optimum red 
pigmentation under microaerophilic conditions (see page 59) , All 
cultures turned pale pink after 4, days, the colour being due mainly 
to the presence of pigment B; pigment A vra.s absent again as shown 
by paper chromatography. 
Conclusions 
Oxygenation conditions play an important part in red pigment 
production in cultures of the Li strain of Pseudo mo n as 
a e r u g i n o s a when using the G. L.M. medium, Optimum red 
pigmentation takes place in shallow static aerobic cultures, where 
the vessel has been plugged with cotton wool, Under these 
conditions up to 7 mg, of pigment A and up to 46 mg. of pigment B 
per litre of culture is formed when using the G.L.M. medium as such, 
and up to 42 mg. of pigment A and up to 46 mg. of pigment B per 
litre of culture are produced when using the G. L. M. medium with the 
inclusion of 0,5% of KN05 • Even so, red pigment formation is 
variable, whole batches of cultures occasionally failing to produce 
* ~finition of RA and RB, page 17, 
62. 
any red pigments at all. 
It may also be concluded that the relative amounts of pigments 
A and B produced appear to depend on oxygenation conditions, the 
formation of pigment A being favoured by an increased air sup-ply, 
although excessive or no aeration is unfavourable to the formation 
of both pigments. '.1'.he follovr.i.ng table summarizes the average results 
obtained during the course of investigation, and it shows at the same 
time the eff ect of oxygenation on the formation of the tvve pigments : 
Pigment A Pigment BI 
Medium Oxygenation Conditions in mg. / in mg./ litre litre 
culture culture 
G. L.M. Undisturbed, static, 
shallow qulture, plugged 
with cotton wool 3. 5 43 
G. L.M. Occasionally disturbed, 
but otherwise static, 
shallm-1 cul tu.re, plugged 
with cotton vrool 13 27 
G.L.M. Air-bubbled cultures 10 20 
G. L. M. Shaking cultures trace 6 
G.L. M. + O. 5% KN03 Undisturbed, static, 
shallow culture, plugged 
with cotton ,v0ol 14. 5 42 
G. L.M. + 1. 5% KN03 II " fl ti Ii ti 8 20 
G*L.M. + 2. 0/o KN03 II II II ti II II 5.5 12. 5 
G. L. M. Microaerophilic culture 0 21 
G. L.M.. + 0. 5% KN03 ti " 0 13 
G. L.M. Restricted air supply 
(see page 53) 0 0 
G. L.M. + O. 5% KN03 Restricted_ air supply 
( see page 60) 0 0 
G. L. M. + 1. 5% KNOa Restricted air supply 
(see page 61) 0 trace 
It is interesting to note that in microaerophilic cultures 
the yield of pigment Bis decreased by the addition of· 0. 5% KN03 
to the G. L.M. medium, little or no pigment A being formed, 
whereas under aerobic conditions, the addition of KN03 increases 
the yield of pigment A vdthout greatly affecting the yield of 
pigment B.. 
The effect of oxygenation on the formation of pigments A and 





PART 2: The effect of oxygenation. 
(b) On the formation of pigments A and B in particular. 
Best red pigment production in general occurs in static cultures 
where the tubes have been plugged vtl th cotton wool. Cultures grown 
under these conditions use up oxygen in the tubes which is slowly 
replaced by air so that the oxygen in the space above the culture 
becomes progressively diluted by nitrogen. 
It has also been observed that oxygenation conditions can affect 
the relative amounts of pigments A and B formed in a culture of the 
Li strain of P s e u a. o m o n a s aeruginosa. Thus 
the inclusion of 0.5% KN03 in the G.L. M. medium resulted in a marked 
increase in the yield of pigment A (see p.53a). It was found, too, 
that for static, shallow cultures grown in boiling tubes using the 
G.L. M. mediu.m as such, the effect of replacing the loose cotton wool 
plug by a tightly fitting one ,vas to reduce the yield of pigment A 
very considerably. In neither of these cases ·was the yield of 
pigment B greatly affected, as was shovm by the following experiment. 
10 Boiling tubes at a time, each containing 15 ml. of the G.L. M. 
- * medium, were inocula tec3. vtl th equal volumes of the same II starter" of 
the Li strain of P s e u d o m o n a s a e r u g i n o s a. 
5 of these were plugged with an % - % inch layer of cotton wool 
* :Meaning of II starter", page 15. 
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very loosely*, the remainder 1;ieing tightly plugged with an 1 - 1% 
inch l ayer of the same quality of cotton ,vool. .All tubes ,vcre 
incubated sloped at 37°c. Wl1cn w.aximun red pigmentation 11:ld developed, 
the contents of t he 5 cultures for both sets of conditions wor e com-
bined and the concentration of pigments A and B were determined 
quantitatively. Tho follow:i.ng are the results obtained : 
I 
Concentration of Concentration of 
Cotton wool plug fitted : Pigment A in mg. Pigm.:m t B in mg. 
per litre culture : per litre culture: 
Short and loose 14.5 38 
Long and tight 0 41 
Short and loose 12 39 
Long and tight 1.5 37 
Short and loose 14 42 
Long and tight trace 44 
Another experiment vm.s carried out to investigate whether t he 
oxygenation cona..itions affect the forrnation of pigments A and B. 
i 
200 ml. of the G. L. M. medium vmre transferred into a square gin bottle 
\vit h a capacity of 755 ml. It was plugged "With cotton wool, auto-
claved, and aft er cooling it wns inoculated with the Li strain of 
P s e u d o m o n a s a e r u g i n o s a . The bottle was placed 
on its side and incubated at 37°C. 5 ml. of this culture were 
wi thdravm 2.septically from time to time and placed in a small 
petri-dish ,vith a capacity of approximately 8 ml. The lid vm.s fitted 
* All boiling tubes are as a rule plugged fairly tightly with a 
1 - 1%" l ayer of cotton wool in order to avoid contamination. 
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in such a way, being lifted at the one side by means of a glass rod, 
that air could readily enter it, thus resulting in a shallow, static , 
well aerated culture with a large surface area. All cultures in the 
petri-dishes were incubated at 37°0. The pH was measured at the t:L'lle 
when each sample vras vvi thdrmvn from the bulk culture in the gin 
bottle, and again after red pigrnentation had f'u.lly developed in each 
of the cultures in the petri- dishes , which took only 24 - 48 hours 
in each case. The concentration of pigments A and B was then deter-
mined, and compared with th.at of the bulk culture which vras also 
incubated until red pigmentation had taken place. The grovrth of the 
organisms in the cultures in the petri-dishes was very heavy. The 
following table summarizes the results of this experiment. 
Sample ! Final pH of t he mg. of pigment A mg. of pigJnent B 
removed culture in the per litre per litre 
at pH: petri- dish: culture: culture: 
7.1 9. 05 11 24 
7.5 9. 1 6. 5 33 
7. 9 9.1 3. 5 38 
8. 2 9.15 1.5 42 






7.1 9. 1 0 4.-6 
Similar results were obtained when this experiment was repeated. 
The significance of the pH of the culture in relation to red pigment 
67. 
production will be fully discussed in the next section of this 
thesis. One observation is clear, however , viz. that from the out-
set well aerated shallow static cultures produce more of pigment A 
than poorly aerated ones , and that this appears at least in some 
cases to take place at the expense of pigment B, there then being 
the following approximate relationship : 
[A] ~ , 
i;vhere [A] = concentration of pigment A in mg. per litre culture ; 
= concentration of pigment Bin mg. per litre of an 
aerobic static shallow culture (e. g. the bulk 
culture in the gin bottle) ; 
[Ba] = concentration of pigment Bin mg. per litre of a 
well aerated culture , (e. g. the cultures in the 
petri-dishes) . 
The following examples of the above experiment i llustrate this 
approximate relationship : 
(i ) Sample removed from the bulk culture in the gin bottle at 
pH= 7. 1, then grown highly aerobically:-
[A] ~ 46 - 24 
2 
= 11 
([A] actually found= 11) 
(ii) ~le removed from the bulk culture in the gin bottle at 
pH= 7. 9, then grown highly aerobically:-
[A] ~ 46 - 38 
2 
= 4 
([A] actually found = 3, 5) 
The average concentrations of pigments A and Bin bubbled cultures 
are 10 mg. and 20 mg. per litre of culture respectively. The above 
mentioned relationship holds here again reasonably well , remembering 
that the average concentration of pigment B produced in static shallow 
cultures when using the G-. L. M. medium is 43 mg. per litre of culture, 




43 - 20 
2 
11.5 
(Average [A] found in bubbled cultures = 10). 
It must be pointed out , however , that the organisms cannot utilize 
pigment B, but they can definitely utilize pigment A, thereby not 
producing more of pigment Bin its place (see Section E) . 
Probably not much importance should be attached to the above mentioned 
approximate relationship. It does not apply, for instance , to the 
results obtained in the experiment on page 65 • The above mentioned 
relationship appears to indicate that 2 mg. of pigment B = 1 mg. of 
pigment A (presumably with the formation of unidentified by-products) . 
The significance of this relationship is not as yet understood and 
might well be fortui taus. 
pigments * are : 
The probable molecular formulae of the 
* 
A : C14 H.i_ 5 04 N3 
B : 016 H16 06 N3 S. 
Molecular formulae of the pigments supplied in a private 
communication by Holliman24 • 
The e:x:-periment on varying the oxygenation conditions by with-
drawing sarrrples from a bulk culture of Pseudo mo n as 
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a e r u g in o s a at different pH 1·s (see page 65) was carried out 
concurrently with one in which the G. L. ¥.i.. medium contained O. 5% 
KN03 • The added effect of a chemical source of oxygen could thus be 
studied. The following table summarizes the results on the pigment 
pr oduction under these conditions: 
Sample Final pH of the mg. of pigment A mg. of pigment B 
removed culture in the per lit;r-e per litre 
at pH : petri-dish: culture : culture: 
7.1 9.15 28 34 
7. 65 9. 2 24 40 
8. 25 9. 2 20 43 
8. 5 9. 3 22 40 
8. 8 9. 2 20 42 
(fulk 
culture in 
gi n bottle 
as control , 
7. 1 9. 2 22 41 
I t is of special i nterest that the concentration of pi~nent A 
in this culture is hardly affected by the presence of nru.ch free 
oxygen from the air (compare r esults in the absence of KN03 , page 66) . 
A chemical source of oxygen seems to be mor e effective than free 
oxygen for the maximum production of pigment A. 
The format ion of pigment A is thus largely dependent on the 
oxygenation conditions, whereas the production of pigment B appears 














S E C T I O N B. 
PART 3: The pH and colm.rr changes during the growth of the organisms. 
(i) Introduction. 
The course of all biological processes is greatly influenced 
by the pH of the fluid in which they talce place. Growth and the pro-
duction of many substances , such as enzymes, are all to a greater or 
lesser extent dependent upon the pH of the medium in which the 
organisms grow. The optirrrum pH for gro,vth of Pseudo m o n as 
26 
a er u gin o s a lies according to Dernby between a pH of 6. 6 
and 7. O. In this work it was found that the G. L.M. medium with a 
minimum pH of 5. 5 and a maximum pH of 8. 4 still supported the growth 
of the Li strain of Pseudo mo n as a er u g in o s a , 
and that good grmvth of these organisms vvas achieved by adjusting the 
pH of the G. L. M. medium to 6. G - 7. 2. A careful study of the pH 
changes which take place during the grovvth period of these bacteria, 
and its relation to red pigmentation was made. 
The electrometric method of measuring the pH was employed 
throughout; this method was found to be reliable and the only one 
available , as the cultures were coloured, at least at some stage 
of grmvth. All measurements were made on 5 ml. samples of the 
cultures under investigation, using the uPYE" direct reading pH 
meter (Model 11081) with a glass electrode. 
71. 
The first experiment vms designed just to follow the normal pH 
changes which take place in a shallov, static culture of the Li strain 
of P s e u d o m o n a s a e r u g i n o s a in the G. L. M. 
medium*, which was incubated aerobically at 37°0. The colour changes 
,,:ere noted at the same time. Later experiments were conducted to 
observe the pH changes in cultures grown under various oxygenation 
conditions, and determining by paper chromatography which red pigments 
vrere formed at these pH's. 
(ii) The pH and colour changes in the G.. L.M. medium. 
200 ml. of the G.L.M. medium in a white square gin bottle 
of approximately~ litre capacity, at a time , ~~re inoculated ,vith 
the Li strain of P s e u d o m o n a s a er u g in o s a. The 
bottle was closed \vith a loose cotton vrool plug** and incubated lying 
on its side at 37°0. 5 ml, samples of this bulk culture were 
aseptically withdrawn at intervals from about the middle of the 
culture, and their pH's vrerc measured, noting the colour changes at 
the same time and determining by paper chromatography which of the 
red pigments was present. The following table summarizes the 
average results of this experiment (for the graph see fig. 1): 
* Composition of the G.L.M. medium, page 22. 
With a loose cotton wool plug more of pigment A is produced; 
page 65. 
. F .. 
72. 
Days of Red pigments pH of the 
Incubation: 
Colour of the culture: present: sample vrl th-
dravm: 
0 - - 7.0 
1 Turbid white - 6.90 
2 Yellow-green - 7.28 
3 Yellow-green - 7.50 
4 Olive-green or yellow brovm - 7.58 
5 Olive-green or yellow brown - 7.63 
6 Olive-green or yellow brovm, 
tip of culture red - 7. 80 
7 Surface of culture orange 
red, remainder brovmish Trace of A 8. 05 
8 Pale orange red A 8.13 
9 Darker orange red A and trace 
of B 8.17 
10 Orange to purplish red A and B 8.30 





( Dark purplish rea_ 
8.92 
14 
',A. and much of 8.95 pigment B 
15 8.92 
20 
I 8.90 , I j 
' 
Pigment A is therefore present before pigment B, and when present 
it can be detected by means of paper chromatography ·when the culture 
has reached a pH of 8.0 - 8.3, there then being a distinct depression 
in the pH curve, which is more pronounced when pigment A is produced 
in larger quantities. When pigment A is absent, then the first red, 
being purplish in shade, due to the presence of pigment B, becomes 
visible vvhen the culture has reached a pH of 8.6 - 8.9, there then 
I 
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being no depression in the "normal" pH curve between the values of 
s. 0 and 8. 3. A few deviations from this usual behaviour have been 
observed occasionally, pigment B then being produced at a lovver pH, 
viz. 8.1 upwards. The significance of the depression of the pH, 
as seen from the pH curve (fig. 1), viz. betv.een the values of 7.4 and 
7.8, has not been established; it might, however, be due to the 
formation of a precursor of the pigment or to metabolic changes which 
accompany the production of the pigment. 
(iii) The pH and colour changes in the G. L. M. medium vr.i. th the 
inclusion of 0.5% KN03 • 
The Li strain of Pseudo mo n as 
a e r u g i n o s a usually produces more of pigment A in the G. L. IvI. 
+ O. 5% KN03 medium than in the G. L.M. medium as such, and red pigment-
ation takes less time. .An experiment to investigate the pH and 
colour changes in cultures when using the G. L. M. + o. 5% KN03 medium 
was thus desirable for the purpose of comparison. 
The experiment, described under (ii) above , was repeated several 
times, using in this series the G. L.M. + O. 5% KN03 medium. The 
following table summarizes the average r esults of this series of 












Days of Colour of the culture: Red pigments pH of the Incubation: present: sample with-
arav,111: 
0 - - 7.0 . 
% Turbid white - 6.88 
1 Yellovr green - 7.80 
1% Olive-green or yellow 
brown - 8.03 
2 Olive-green or yellow 
brown, tip of culture 
red Trace of A 8.10 
2% Surface of culture orange A and trace 
red B 8.15 
3 Orange red A and trace 
B 8.15 
4 Orange to purplish red A and B 8.20 









( of B f 9 l 9. 0 \ 
10 } \ 9.05 I 
I 
15 I 9.0 I 
Pigment A appears in these cultures also only when a pH of at 
least 8. 0 has been reached, pigment B being completely absent at 
this stage. There is again a marked depression in the pH of the 
cultures (a s shown in Fig. 2) between the values of pH 8.0 and 8.2. 
The second depression, lying betvreen pH's of 8.4 and 8.7, is not 
al-wa.ys present. 
(iv) f9ssible significance of the pH in relation to pimnent 
formation. 
Red pigment production by the Li strain of 
75. 
Pseudo mo n as a er u gin o s a occurs best in the 
G.L.M. and the G.L.M. + 0.5% KN03 media when the shallow static 
cultures are incubated aerobically, the culture vessel being plugged 
with cotton wool. The pH and colour changes in these cultures (as 
described in (ii) and (iii) above) might therefore be more significant 
than those observed in cultures where pigment production is fair to 
poor. Further experiments were thus carried out on these static 
aerobic cultures to investigate the possible relationship of these 
changes. 
Attempts have been made to oxidise with air or ~02 the yellow 
cultures after they had reached a pH of 7.3 to 8.0 and then raising 
their pH artificially with KOH to 8.5 - 9.5 . Pigment A was absent 
in all cases, pigment B being formed in varying quantities as was 
shown by paper cbromatography. The oxidation ,vi th air or ~ 02 of 
yellow brown to pale orange cultures, having developed a natural pH 
of 8.15 or higher, resulted in most cases in the formation of both 
pigments A and B; this 'lt--ras again shown by paper chromatography. 
The formation of the yellmv "precursor" of pigment A appears 
to take place at a particular narrow pH range, provided the oxygenation 
conditions are suitable*, whereas that of pigment Bis fonned over a 





vdder pH range , the oxygenation conditions not being as important. 
The actual formation of the yellow precursor of pigment A appears 
to depress slightly the pH of the culture. The results of the 
follovv.ing experiments seem to substantiate some of the above 
mentioned points, at least to some extent : 
(a) Examina·tion of the summarized results on p . 66 shows 
that the concentration of pigment A decr eases vtlth 
an increase in pH of the culture whereas that of 
pigment B increases. 
(b) On inoculating in parallel experiments the G. L. M. and 
the G. L. J.L + o. 5% KN03 media separately at various 
initial pH ' s , the concentration of pigment A varied 
within the usual lLrnits , ·whereas that of pigment B 
decreased considerably in the cultures which were 
started at a raised pH: 
Medium: Inoculated at pH : 
mg. of pigment mg. of pigment 
A per litre B per litre 
culture: culture : 
G. L. lf.,. 7. 0 7 44 
G. L. J.L 
G. L. M.. 
G. L. M. 
(c) 
8 . 1 4. 5 30 
+ o. 5% KN03 7. 0 14. 5 42 
+ O. 5% KN03 s. 0 21 25 
The inoculation of the media at higher pH ' s resulted 
in poor growth. 
11:i.croaerophilic cultures result usually in the formation 
of pigment B only*, the red colour then appearing when 
the cultures have a pH of 8. 6 or higher. In one 
microaerophilic culture, when using the G. L. M. + 
O. 5% KN03 medium, small amounts of pigment A were 
produced as vrell , this being formed at a pH of 8 . 25 1 
the red colour due to pigment B appearing only at a 
pH of 8. 7. 
* page 49. 
76. 
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The conditions 1.Ulder which the yellmY 11precursors 11 of the 
pigments can be oxidised within a static culture will be discussed 
in Part 4 of this section. It might be mentioned here that the 
oxidation of the yellow "precursor" of pigment B with the air 
present in the culture vessel occurs only then when the respiration 
rate of the organisms has reached a lm-r level. The yellow 
"precursor" of pigment A can, however , be oxidised whilst the 
respiration rate of the organisms is still bigh. 
(iv) A quantitative study of the pigment formation at various 
pH ' s. 
The previous experiments have shown that pigment A begins 
to be formed at pH's of 8. 0 - 8. 3, and that pigment Bis generally 
only present in appreciable quantities at pH ' s above 8. 6. The 
observation ,vas studied quantitatively using the G. L.M. + O. 5% KN03 
medium, because in this the Li strain of Pseudomonas 
a er u gin o s a produces more of pigment A v"lithout nruch affect-
ing the concentration of pigment B. 
200 ml. of the G. L. M. + O. 5% KN03 medium were transferred to 
a square gin bottle with a capacity of approximately 750 ml. After 
autoclaving and subsequent cooling, this medium was inoculated ·with 
the Li strain of Pseudomonas a e r u g i n o s a and 
the culture vessel 1V::'.s plugged with cotton wool and incubat ed lying 
on its side at 37°c. 5 ml. portions of this parent culture were 
withdrawn at intervals, and the pH as well as the concentrations of 
pigments A and B were then determined. One drop of this sample 
was added to a boiling tube containing 15 ml. of the G. L. M. + O. 5% 
78. 
KN03 medium to test whether the organisms were still viable in this 
medium. The following table summarizes the results of this 
investigation: 
Withdrawal of pH of the i Pigment A in mg. Pigment B in mg. 
sample after : sample : per litre culture : per litre culture : 
Inoculation 7. 05 
1 day 7. 70 absent absent 
2 days 8.08 II II 
3 II 8. 12 4. 5 II 
4 II 8. 20 15. 0 trace 
5 II . 8. 53 18. 5 3. 5 
6 II 8. 65 18. 0 5. 5 
7 11 8. 90 15. 5 28 
8 11 9. 05 14. 5 36 
9 II 9. 10 15 4.-0 
10 II. * 9. 20 14. 5 41 
11 It 9. 15 14 44 
12 11 9. 18 15 41 
15 II . 9, 10 14 44 
20 II 9. 10 12. 5 4.-0 
25 II 9. 05 11 41 
30 II 9. 05 11 36 
* Organisms dead. 
Figure 3 shows the plotted r esults. Pigment A vvas present 
in the culture jn appreciable quantities before pigment B was formed, 
and its production took place betv,een pH 8. 1 and 8. 5. Whilst the pH 
of' the culture was still rising due to further growth of the 
organisms, the concentration of pigment A decreased first fairly 
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sharply, then only slightly. The formation of pigment B occurred 
I 
between pH 8. 2 and 9. 2, reaching a rna.x:i.mum concentration after the 
79. 
culture had reached its highest pH; the organisms were found to 
be dead at this pH as was shown by inoculation tests, no grovrth talcing 
place in the fresh G. L. M. + 0. 5% KN03 medium. The concentration of 
pigment B then also dropped slightly on further incubation of the 
culture , which had a brownish tinge after 30 days. 
24 
It must be pointe~ out that Professor Holliman established 
that both pigments A ahd Bare degraded in the presence of alkali, 
pigment B more easily than pigment A. This may explain the slow 
decrease in the concentration of the pigments but not the rapid one 
of pigment A after 6 days of incubation. 
( v) pH changes in cultures grovm under various o:zygena tion 
conditions. 
(a) Aerobic cultures : . 
The pH changes in 'cultures of Pseudo mo n as 
a er u gin o s a grown under various aerobic conditions were also 
I 
studied. In cultures where red pigment formation was fair to good 
I . 
( judged visually) the pH changes '\'rere very much the same as shovm in 
fig. 1 and 2, but whenever red pigmentation was poor or co~letely 
absent, then the pH cha.hges followed a different course. The three 
graphs in figure 4 illustrate this point. This observation seems 
to indicate that the pH changes in a culture are to some extent due 
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Figure 5 shows the pH changes which take place in the liquid 
G. L. M. medium which has been inocula t ed vv.i th the organisms from 
M.:.yt.hnr.1 's slope*. The culture was incubated at 37°C, being kept 
static and aerobic all the time. No red pigments were produced by 
this culture and the graph in fig. 5 shows no depressions. 
80. 
The pH changes of many cultures have been studied and similar 
observations were made. In all cases 5 ml. portions of the bulk 
culture were "Withdravm at intervals and the pH was measured on these. 
(b) Microaerophilic cultures. 
Previous experiments have shown that red pigment production is 
fair in cultures grown microaerophilically, pigment A being absent 
with one exception. The changes in pH of cultures grown under these 
conditions were therefore investigated with a view to establishing 
whether pH changes in a culture of P s e u d o m o n a s 
a e r u g i n o s a are related to the formation of pigments A and B. 
The pH's of the cultures were measured on 5 ml. samples which 
were aseptically withdravm at intervals from the bulk cultures. Both 
cultures, using in one the G.L.M. medium and in the other the G.L.M. 
+ 0.5% KN03 medium, turned red after a rna.x.:i.mum pH had been reached 
and after the organisms were no longer viable, as was shown by 
inoculation tests. Pigment A was absent in both cultures. 
The graphs in figure 6 summarize the results of these investi-
gations. The curves appear rather drmm out, due to the long time 
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taken by these cultures to turn red. In aerobic cultures, where red 
pigment production is good, red pigmentation results in about 1/s of 
the time of that taken by cultures incubated microaerophilically. 
If this fact is borne in mind then a close reseml:ilame of graph 1 in 
fig. 6 and that given in figure 2 may be seen. 
(vi) The ease of oxidation of a :yellow culture at wrious pH's. 
It had been observed that some cultures i.vhich had reached 
the yellow stage turned red more quickly than others when treated with 
a dilute solution of ~02 • This observation was further investigated. 
Eight 5 ml. portions of a culture of the Li strain of 
P s e u d o m o n a s a e r u g i n o s a, which had turned yellow 
and had a pH of 7.55, were pipetted into petri-dishes. One of the 
samples was left at its natural pH, and the pH of the remaining seven 
was adjusted to higher values using ammonia. 0.2 ml. of a 3% 
solution of ~ ~ were added to each sample and the time taken to 
develop a red colour was recorded. The following were the results: 
pH of sample : I Time taken to develop red colour: 
7.55 I 30 hours 
7.75 30 minutes 
7.88 20 minutes 




Tne oxidation of the yellow cultures to red therefore takes 
place most rapidly at higher pH's. 
(vii) Conclusions. 
The pH changes which ta.1rn place in various cultures 
where red pigment production is good are similar, their pH curves 
all shO'iving 2 - 3 depressions which appear to be due to the 
formation of some products, including the precursors of pigments 
82. 
A and Band the pigments themselves. Cultures in which red pigment-
ation is poor or absent show different pH changes from those which 
result in good red pigment formation. The production of pigment A 
always takes place between a pH of 80 0 and 8. 5, pigment B being 
present in maximum amounts only when the cultures have reached 
their highest pH. 
S E C T I O N B. 
P.ART 4: Respiration rates of the organisms in relation to pigment 
formation. 
(i) Static aerobic cultures. 
83. · 
Respiration rates* were used as a measure of viable cells 
on account of the clumping of the organisms in liquid cultures, which 
prevents a uniform distribution of viable cells in the "Dilution" 
and the "Plating" methods usually employed for the counting of living 
bacteria. The respiration rate of the cultures is always expressed 
in µl. of 02 per ml. of culture per hour in this thesis. The 
respiration rate of the organisms was first determined on aerobic 
static cultures as these usually resulted in good red pigmentation. 
200 ml. of the G-. L. M. medium in a square white gin bottle with 
a capacity of approximately 750 ml. vrere inoculated with the Li 
strain of Pseudo mo n as a er u g in o s a , after which 
the bottle was plugged ·with cotton wool and incubated lying on its 
side at 37°c. 2 ml. portions of this parent culture were withdrawn 
at intervals and the respiration rate was determined at 37°C, using 
an oscillation rate of 80 per minute. 5 ml. portions of the same 
culture were vli thd.rmm at the same time and the pH was measured • 
.All colour changes were noted. 
experiment are given in fig. 7. 
The plotted results of this 
* Technique of measuring respiration rates, page 15. 
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The first red colour , being due to the presence of pigment A, 
appears when the respiration rate of the culture is beginning to fall 
off after 7 days of incubation. The pH curve flattens out at this 
point. Pi871lent B is formed in appreciable quantities ,vhen the 
respiration rate of the culture has aropped to approximately 15 µl 02 
/ml, culture/hour, reaching its max:imu.m concentration only after the 
respiration rate is zero. The pale red culture after 8 days of 
incubation containing pigment A, also contains the yellow precursor 
of pigment B* , which is oxidised only when the respiration rate of 
the culture has dFopped to a low value , i.e. when the bacteria require 
only traces of free oxygen. The yellow precursor of pigment A can 
therefore be oxidised more readily than that of pigment B. 
The experiment was repeated using the G. L. M. + 0, 5% Kl'T03 medium. 
The plotted results are given in fig. 8. Very similar observations 
to those made in the above mentioned experiment were made in this case~ 
pigment A appearing again when the respiration rate of the culture is 
"' beginning to fall off. Al though the yellow precursor of pigment B'" 
is present at this stage of growth, pigment B itself is fo1~ned only 
when the respiration rate of the culture has aropped to about zero. 
(ii) Bubbled cultures. 
The respiration rate curves of bubbled cultures of the Li 
strain of Pseudo mo n as a er u gin o s a , grown in 
the G. L. M. medium, had a similar shape to that of the static cultures 
* In exposing the culture to much air or by treating it with 








when us:ing the G. L. M. + o. 5% KN03 medium ( fig. 8) . The faster the 
rate of air-bubbl:ing through these cultures the higher was their 
respiration rate , which reached a maxirn:wn after 40 - 48 hours of 
incubation, the rate then falling off. 
3 conical flasks of 300 ml. capacity, each containing 150 ml. 
of the G. L.M. medium, were :inoculated with equal volu.rnes of a 11 starter11 * 
of the Li strain of P s e u a_ o m o n a s aeruginosa. 
To each were added 3 drops of tri-n-butyl phosphate in order to 
avoid excessive frothing. Bubbl:ing tubes were fitted into each 
culture vessel and the rate of air-bubbli11.g through the culture was 
varied :in each case , viz. 100 ml., 200 ml. , and 300 ml. of air per 
minute respectively. All cultures were incubated at 37°C. The 
respiration rate was determined on 2 ml. sai-r1ples of each at intervals. 
The plotted results are given in fig. 9. 
All three aerated cultures developed after 6 days of incubation 
an evenly dark purplish red colour, which remained unaltered (judged 
visually) , with the exception of the fastest air-bubbled culture 
where it faded visibly after a further 3 days of :incubation. It 
was shown by paper chromatography that this was mainly due to the 
disappearance of pigment A. It has already been mentioned that the 
** bacteria can destroy pigment A , and since som~ organisms of 
this highly aerated culture were still living even after 12 days 
* Meaning of II starter", page 15. 
** Evidence for this is given in Section E. 
.. 
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of incubation, the above observation might be explained. Unfortunately 
the method for the quantitative determination of pigments A and B had 
not been fully developed when this experiment was carried out. 
(iii) Possible relationship betlveen the respiration rate of a 
culture and red pigmentation. 
Some of the experiments which were carried out during the 
early period of the work , where no method for the quantitative 
determination of the "b.,70 red pigments was available , showed that the 
total red colour intensity (compared color:i.metrically on the filtered 
culture) of static aerobic cultures vro..s approximately proportional 
to the area below the respiration rate curves of the cultures 
examined. The relationship did not, however, apply to all the 
cultures which were incubated under the same conditions. 
(i v) Conclusion. 
Pigment A appears in cultures of' Pseudo mo n as 
a er u gin o s a when the respiration rate of the culture is 
beginning to fall off, pigment B being formed in appreciable quanti-




PART 5: Nutritional requirements for growth and optimum production 
of red pigments. 
(i) Introduction. 
For continued life and pigment production 
Pseudomonas a e r u g i n o s a in general is 
dependent upon the presence of water, certain inorganic salts, 
a carbon and nitrogen source, and to some extent on gaseous 
oxygen. The fundamental problem in this section is the develop-
ment of a medium of known composition which will permit satisfactory 
growth and. optimum red pigment formation in the Li strain of 
Pseudomonas a e r u g i n o s a. For this purpose 
only synthetic media~· have been employed. 
A number of references to the nutritional requirements of 
other strains of P s e u d o m o n a s a e r u g i n o s a 
may be found in the introduction of this thesis. The literature 
on this subject in general is so large that it is impossible to 
give an extensive review. 
In the experiments of this s0ction 5 boiling tubes (6" x 111 ), 
each containing 15 ml. of the medium under test, were inoculated 
with the Li strain of Pseudomonas a er u g, i nos a, 
* Synthetic media are those which contain only constituents of 
knov.n composition and no proteins, broth or similar compounc1s. 
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plugged with cotton wool and incubated sloped at 37°C. At the end 
of the exper~nont the contents of tho 5 boiling tubes wer e combined 
and the concentration of pi gments A and B l:rerc determined on this. 
(ii) The inorganic r equirements. 
(a) Phosphorus. 
28 
Robinson r eported tha t phosphate and probably magnesium wer e 
essential inorganic constituents of the media in which 
P s e u d o m o n a s a e r u g i n o s a Yrould grow. It may 
be assumed that all bacteria r equire phosphorus. 
In order to prove that phosphorus is e ssential for the grmrth 
of the organi sms, the Kii;i P04 was omitted f rom the G. L. M. medium* 
and it vm.s r epl aced by a lmovm weight of ~ S04 , keeping the [r] 
constant; the slight change in the [so4 --J has little effect on 
the organisms as wi.11 be shovm in a l ater experiment. The pH of 
the medium ,v"as adjustea_ to 7. 0 using KOH. 
No grovrth took pl ace in the medium lacking phosphorus , not even 
aft er prolonged incubation. The importance of phosphor us is thus 
indicat ed. 
(b) Magnesium. 
Of the workers ,,-.-ho have investigated the effect of Mg++ on the 
growth and pigment production of Pseudo m o n a s 
a er u g in o s a , the majority have found this constituent to 
30 
be essential. Pand.alai and Rao , on t he other hand, have r eported 
that Mg++ i s not necessary for either gro,rth or pigment ation. 
An ex-periment was carried out to study the effect of the 
* Composition of the G.L.M. medium, page 22. 
89. 
absence of magnesium in a medium on the organisms, using the G.t.:M. 
medium in which a lmown weight of ~ S04 was used instead of MgS04 (I)-, 
keeping the [S04 --] constant. The G. L. M. medium (II), and the G. L. M. 
medium to which an equal amount of ~S04 was added as above (III) 
were used as controls. The pH of all media was adjust~d to 7. O. 
The following table summarizes the results: 
i I 
Medium: Gi'owth: mg. of pigment A mg. of pigment B per litre per litre 
culture: culture: 
I Extremely absent 2 poor 
II Good 8 41 
III Good 6 37 
The results show that magnesium is essential for satisfactory 
growth of the Li strain of Pseudo mo n as 
a er u gin o s a. Al though grovrth is extremely poor in media 
devoid of magnesium small amounts of pigr!lent Bare formed, pi~nent 
A being absent. 
( c) Potassium. 
44 
R~ fuund~t Pseudomonas aeruginosa 
requires no potassium for gr-owth. 
34 
Burton, Campbell and Eagles 
in their work established that potassium was necessary for 
pyocyanine formation by the organisms. 
An experiment was carried out to investigate whether potassium 
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is necessary for growth and red pigment formation by the Li strain. 
The G. L. M. medium in which the ~ P04 was replaced by a known 
weig~t of N~P04 to keep the [po4 ---J constant (IV), was used in 
this investigation. The G.L.M. medium (V), and the G.L.M. medium 
to which an equal amount of Na.RaP04 had been added Q.S above (VI), 
were used as controls. The concentration of pigments A and B vvas 
determined on the combined cultures of each medium, the results 
obtained being: 
i I 
mg. of pigment 
I 
mg. of pigment 
Medium: Growth: Final colour: A per litre B per litre 
culture: culture: 
IV Fair Turbid white absent absent 
V Good Purplish red 8 41 
VI Good Purplish red 7 39 
Grovrth of the organisms in the absence of potassium is not as 
good as if it was present in the medium. It is very interesting to 
note that no yellow or red pigments are produced at all when 
potassium is oni tted from the G. L. M. medium. The function of this 
element appears to be catalytic, the exact role being still unknown. 
(d) Sulphur. 
30 
Pandalai and Rao showed that sulphur (S04 --) improved 
pyocyanine formation by Pseudo mo n as a er u g in o s a, -
37 
the results of Hellinger indicate that S04 -- should be added at the 
time of inoculation if ma.·1ci.mum yields of pyocyanine are to be 
91. 
34 
obtained, - Burton, Campbell and Eagles found that sulphur (S04--) 
is necessary for pyocyanine forrnation, - and King, Campbell and 
35 
Eagles showed that the formation of pyocyanine is dependent 
mainly on the concentrations of S04 -- and Mg++. The effect of 
sulphur on red pigment production by the Id. strain of 
Pseudo mo n as a er u gin o s a was studied, more so 
because the main pigment, pigment B, contains sulphur*. 
The G.L.M. medium was employed, but the amount of MgS04 was 
varied; the [Mg++] was kept constant by the addition of MgC12 • 
FeC12 was used instead of FeS04 • The pH of all media was adjusted 
to 7. 0 using KOH. The following vvere the results: 
' 
% MgS04. 'miO: GTov.rth: mg. of pigment A mg. of pigment B per litre culture: per litre culture: 




0.05 Good 14 LlA 
0.025 12 38 
0.01 I 10 35 
,1 
\ 
0.005 Fair 6 } 
0.0005 Poor 2 l absent 
o. 0 Poor absent j 
(The percentage of MgS04 • 7~ 0 in the G. L.M. rredium is 0.1). 
* Probable molecular formula of pigment B: C15}\ 5 06 N3 S. 
( Holliman2 4 ) • 
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Red pigment production is about the same when using the G. L.:M. 
medium containing 0. 05 - 0.1% MgS04 .~0; it decreases slightly 
when only o. 01% of MgS04 • ~ 0 is present, and with still smaller 
amounts pigment A only i s produced. Growth of the organisms is 
poor when S04 -- is absent and neither pigment A nor pigment Bis 
formed. 
Another experiment was carried out to study the effect of sulphur 
on red pigment production by the Li strain of Pseudo mo n as 
a e r u g i n o s a. MgS04 vm.s omitted al together from the G. L. :l\,L 
medium and it was replaced by ~IgC12 to keep the [Mg++] constant. 
FeC12 was used instead of FeS04 • The medium was saturated at room 
temperature vtlth L-cystine* as source of sulphur, and its pH was 
adjusted to 7. 0vtlthKOH (VII) . The G. L.M. medium (VIII), the 
G. L. M. medium where the MgS04 and FeS04 were replaced by MgC~ and 
FeC12 respectively (IX), and the G. L. M. medium saturated at room 
temperature with L-cystine (X) were used as controls. The 
following results were obtained: 
mg. of pigment A mg. of pigment B 
Medium : Growth: per litre culture : per litre culture : 
VII Good 6 12 
VIII Good 13 4 6 
IX Poor absent absent 
X Good 6 8 















The concentration of sulphur expressed as MgS04 .~0 in the 
medium which has been saturated at room temperature with L-cystine 
as the sole source of sulphur is 0.022%. It can be seen from the 
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preyious ex-periment that the medium containing 0.025% of MgS04 .~0 
resulted in a yield of 12 mg. pigment A and 38 mg. pigment B •. The 
low yield of red pigments in the medium saturated at room 
temperature vvith L-cystine was unexpected. 
Both experiments indicate that sulphur is necessary for good 
grovrth and red pigment formation by the Li strain of 
P s e u d o m o n a s a e r u g i n o s a. 
(e) Iron. 
The function of iron in microorganisms is essentially catalytic 
being necessary in enzymic systems. 
45 
Waring and Werkman have 
studied the iron requirements of several bacteria and found that 
Pseudomonas 
for maximal growth. 
a er u gin o s a requires this element 
34 
Burton, Campbell and Eagles considered iron 
37 
ions necessary for pyocyanine formation, and Hellinger reported 
that the presence of Fe ions was not required for maximum yields of 
pyocyanine. An experiment was therefore carried out to investigate 
what the effect on red pigment formation by the Li strain would be 
if iron ions are omitted from the medium in which they grow. The 
G.L.M. medium with the exclusion of FeS04 (XI) was employed for 
this purpose, using the G.L.M, medium as such (XII) as a control. 








mg. of pigment ro.g. of pigment 
Medium: Growth: Final colour: A per litre B per litre 
culture: culture: 




XII Good Dark purplish 8 41 
red 
When determining the concentration of pigments A and B* it was 
noticed that the combined cultures lacking iron ions still contained 
considerable amounts of one or more yellow pigments, which on 
oxidation with ~02 turned red. On keeping part of this combined 
culture in a flask, plugged with cotton wool, for another 3 weeks 
in a refrigerator it turned dark purplish red. The concentration 
of pigments A and B was determined on the ~ 02 -oxidised culture and 
on the culture kept in the refrigerator, and the results vrere 
compared with those originally obtained, i.e. 12 days after 
inoculating the medium lacking iron ions. 
sunnnarizes these results: 
The following table 
Culture: 
12 days after inoculation 
12 days after inoculation, 
then oxidised with ~ 02 
12 days after inoculation, 
then kept aerobically for 
3 weeks in the refrigerator 
( G. L. M. 12 days after 
inoculation) 
I 
mg. of pigment A 





mg. of pigment B 





* Determination of pigments A and Bis always carried out on the 
combined cultures 12 days after inoculating the medium under test. 
95, 
The catalytic effect of iron ions in the oxidation of the yellow 
precursors of pigments A and B to the red pigments themselves is thus in-
dica ted. It cnn be seen that the o:d.dntion of the yellm7 precursors by 
gaseous oxygen is greatly assisted by iron ions. 
(f) Ammonium salts. 
46 
A number of early workers, including Koser and Rettger found 
that P s e u d o m o n a s a er u gin o s a would grow in 
simple media containing the usual inorganic salts v1rith ammonium 
28 
chloride or phosphate as a source of nitrogen. Robinson included 
ammonium salts in his list of availabl0 nitrogen sources for the 
growth of these organisms, finding the optimal range of NH4 Cl for 
aerobic growth to be 0.05 - 0,25%, and for pigmentary activity 0.10%. 
34 
Burton, Campbell and Eagles found that NJ-4+ inhibits pyocyanine 
37 
formation, whereas Hellinger reported that NF4+ should be present 
if' maximum yields of pyocyaninc are to be obtained. 
N'I-4+ on red pigment production by the Li strain of 
The effect of 
P s e u d o m o n a s a er u gin o s a was thus investigated. 
The following basic medium was used: 
0.15% NF4Cl 
O. 1% MgS04 • ~ 0 
0.03% ~P04 
O. 001% FeS04 • 7~ 0 
To this medium various carbon sources'~ were added separately, viz. 
* 
4 7 
Pinghui Liu found that P s e u d o m o n a s 
a er u gin o s a is able to utilize glucose , fructose , 
galactose, mannitol, trehalose, or glycerol as the sole source 
of carbon for growth. Many more compounds have been reported 
by various workers to be suitable as sole carbon source for the 
growth of these bacteria. 
/ 
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:Medium XIII : 0.5% mannitol 
II XIV: 0.5% D-glucose 
fl XV : o. 5% galactose 
fl XVI : 0.5% fructose 
" XVII : 2% glycerol 
The pH of all media ,..,.us adjusted t0 7. o. 
None of the media (XIII - XVII) resulted in red pigmentation, 
although growth was satisfactory in all but medium XV, where gr ovrth 
was poor. All cultures turned turbid white only. The difference 
between medium XIII and the G. L. M. mediu.111 is that the ai.m.no acids 
in the latter have been replaced by ammonium chloride. The 
effect on red pigment production by varying the carbon sources in a 
medium containing amino acids will be discussed in the following 
sub- secti on. 
(g) Nitrates 
The effect on red pigment formation by the inclusion of a 
nitrate into the G. L. M. medium has been discussed fully in Section 
B, Part 2 (page 5~. 
(i ii) The organic requirementso 
(a) Amino acids. 
24 
Professor Holliman in his work has shown that the Li strain 
of Pseu do mo n as a er u g in o s a can utilize 
glycine and L-leucine and that these organisms produce the red 
pigments when in addition a suitable carbon source and certain 
inorganic salts are present in the medium. His G. L. M. medium 
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vv.i. th the inclusion of o. fJfo KN03 is up to now the best medium for red 
pigment production. Only a few media were tested to investigate how 
some of the amino acids affect red pigment formation by these bacteria. 
A basic medium was used, of composition 
0.5% mannitol 
O. 1% MgS04 • ~O 
0.03% I~P04 
o. 001% FeS04 • ~ 0 









o. 5fo glycine and 0.1% L-leucine 
0.5% glycine and 0.1% L-phenylalanine 
0.5% glycine, o.1% L-leucine, then 
saturate the medium at room 
temperature with L-cystine. 
As for medium XXII, but replace MgS04 
and FeS04 by MgC12 and FeC12 in the 
basic medium. The L-cystine is used 
here as a source of sulphur. 
Th.e pH of all media was adjusted to 7. o. 
Th.e cultures of all media, with the exception of XIX and XXI 
showed normal colour changes*. Culture XIX gave no colour production 
at all whilst those exhibited by culture XXI were: 
* 




3 II : 
Pale yellow brown 
Fairly dark yellow brown 
Fairly dark yellow- brown, the tip nearest the 
cotton ,vool plug turning dark brown. 
Normal colour changes, p. 24. 
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After 4 - 6 days: the culture is o..ark brown throughout 
11 7 - 8 11 : dark purplish red with distinct brown 
II 9 days 
tinge 
: dark purplish red; the culture has 
cleared.. 
The culture was found to contain in addition to pigments A and 
B, a red pigment having an RA of 0.14 with the butanol-acetic acid.-
water solvent, and a blue pigment which remainea_ behind as a spot 
when using the same sol vent. 
The f ollcrwing are the surrnnarizea_ results of all the above media: 
Medium: Growth: mg. of pigment A mg. 
of pigment B 








XXI ( 4 54 XXII 6 8 
XXIII ) 6 12 
Red pigment formation does not take place when adding Ir-leucine** 
alone to the basic medium., but is very satisfactory when the medium 
contains glycine as the oole source of nitrogen. The medium con-
taining glycine and I,..phenylo.lonine• (instead of Ir-leucine) resulted 
in the hig.hest yield of pigment B yet obta:ined., viz. 54 mg. per 
* 
** 
DL-phenylalanine ¥.ra.s not available. 
Burton, Campbell and Eagles33 reported that no pyocyanine is 
formed when leucine is employed as the sole source of nitrogen. 
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:38 
litre culture. Burton, Campbell and Eagles found in their 
experiment that pyocyanine formation was inhibited when substituting 
DL-phenyln.lani.ne for L-leucine in their medium. The inclusion of 
L-cystine in the G.L.M. medium resulted in poor red pigmentation. 
(b) Carbon sources. 
Bacteria in general vary gr-eatly in their carbon requirements. 
Only a few carbon sources have been included in the follou:i.ng basic 
medium to study havr they may affect red pigment formation by the Li 









O. 001% FeS04 • ~ 0 
The media tested contained* 
Medium XXIV: 0.5% mannitol 




XXVI: 0.5% galactose 
XXVII: o. 5% fructose 
XXVIII: 2. 01/> glycerol. 
The pH of all the media ,ra.s adjusted to 7. 0 using KOH. 
* 
The results obtained were: 
These carbon sources are the same as used in media XIII 
to XVII. 
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I I ! 
Medium: Growth: mg. of pigment A mg. 
of pigment B 
per litre culture: per litre culture: 
XXIV l Good 6 42 
XXV ( 3 30 j 
XXVI Fair absent 4 
X1.'VII i absent 32 
XXVIII 
Good 
84 24 ) 
The results clearly indicate the varying effect of a number of 
carbon sources on red pigment production by Pseudo mo n as 
a er u gin o s a. The medium containing galactose resulted in 
poor red pigmentation, whereas that contaming glycerol gave an 
extremely high yield of pigment A, viz. 84 mg. per litre culture, 
' 
by far the highest yield yet obtained. The culture of medium XXVIII 
was found to contain three red pigments in addition to pigments A and 
B, these hav:tng an RA of 0.14.-, o. 36., and o. 78 respectively vvhen using 
the butanol-acetic acid-water solvent. The culture had a very sl:i.n\Y 
consistency. 
(iv) Conclusions 
P04 --- ~ Mg++, and sulphur (S04 --) are essential for 
satisfactory grovrth of the Li strain of Pseudo mo n as 
a e r u g i n o s a. In addition K+., Fe ions and glycine are required 
for good red pigment formation., K+ being absolutely essential for red 
pigmentation. Nl4 + is not a suitable nitrogen source for the 
production of the red pigments, ~hereas various amino acids and 
carbon sources greatly affect the yields of pigments A and B. 
It would be interesting to study the effect of many other 
inorganic salts and organic compounds on red pigment formation 
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by the Li strain of Pseudo mo n as aerugino sa. 
(v) Br'ief discussion. 
Many of the findings in this section a.re similar to those 
33134 
obtained by Burton, Campbell and Eagles , 1,7ho studied the 
nutritional requirements of some strains of Pseudo m o n as 
a er u gin o s a i,vhich produce pyocyanine. These workers found 
that P04 , Mg, S04 , Kand Fe ions uere necessary for pyocya.nine 
formation, that Nf-4+ inhibits the production of this pigment, and 
that no pyocyanine is formed when leucine is employed as the sole 
·source of nitrogen. The addition of L-leucine to a medium containing 
glycine increased pyocyanine formation, ,;mer eas DL-phenylalanine under 
similar conditions vms an inhibitor. 
The production of red pigments by the Li strain of 
Pseudomonas a er u gin o s a was found to depend on 
almost the same conditions as those given above, except that phenyl-
alanine did not inhibit red pigment formation. The yield of 
pigments A and B was found to be affected by the carbon source 
used in the medium. The optimal salt concentrations for best 
red pigmentation w-ere not determined. 
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SECTION C. 
Observations in the behaviour of some variants of the Li strain of 
p Se U a O ID On a S a er U gin OS a. 
(i) Introduction 
20 
Don and van ·den Ende isolated in 1948 the L-strain of 
P s e u d o m o n a s a e r u g i n o s a. When first isolated 
the strain was non-metallic (Lii), but later a metallic variant 
(Li) was isolated. These two variants produce red pigments when 
grown in a suitable medium and tmd.er favourable conditions. Most 
of the work in this thesis has been done on the Li strain of these 
organisms. A. third spontaneous colourless variant (Liii) produced 
on Hartley's agar three types of colony: 
Liii - 1 
Liii - 2 
Liii - 3 
a very deep blue-green colony. 
a pale yellow colony. 
a very pale yellow, almost colourless colony. 
Altogether 21 variants ,vere obtained from the Liii - 1, 2 and 3 
variants. The scheme below illustrates the origin of some of the 
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(pale yellow) pale yellow, almost colourless 
r l 
Liii-3a Liii-3b 










The dark gr:-een Liii-1b variant was chosen for the purpose of 
comparing its behaviour with that of the Li strain of 
Pseudo mo n as a er u gin o s a. 
(ii) The behaviour of the Liii-1b variant on agar slopes. 
6 G.L.M. agar slopes were inoculated with the organisms 
of the Liii-1b variant from a slope obtained from the Tutcteriology 
Department of this University. All slopes were incubated at 37°C. 
The following were the average colour changes that took place: 
After 1 day: 
II 2 days: 
II 3 II 
pale yellow. 
pale yellow green. 
pale yellow green, the tip of the slope 
turning dark green. 
After 4 - 6 days: 
II 7 - 8 II, 
ti 9 - 12 II 
fairly dark green throughout. 
olive green. 
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brownish-green (a dirty looking colour). 
An interesting point was that green pigmentation started at the 
tip of the slope, then later spreading throughout the medium. In 
the Li strain of Pseudo mo n as a er u gin o s a red 
pigmentation also started at the tips of the slopes (page 23 ). 
The effect of subculturing* the organisms of the Liii-1b 
variant on G. L.M. agar slopes resulted in a gr-adual decrease in 
green pigmentation, the 6th subculture being distinctly brown in 
colour. Passing the organisms of this last subculture once through 
Litmus;Milk, the culture bottle being tightly closed with a screw 
cap, resulted in all cases in a marked improvement of green pigment 
formation. Passing the organisms through the G. L. M. medium or 
through Hartley's Beef Digest Broth did not restore the ability to 
produce the green pigment ( s /'*. 
(iii) The behaviour of the Liii-1b variant in the liquid G.L.M. 
medium. 
(a) Under aerobic conditions. 
6 Boiling tubes, each containing 15 ml. of the G. L. M. medium, 
were inoculated with the Liii-1b variant of Pseudo mo n as 
a er u gin o s a , closed with a cotton wool plug and incubated 
sloped and undisturbed at 37°c. The colour changes which took place 
* 
** 
Subculturing the organisms of the Li strain, page 22. 
Restoration of the ability to produce red pigments, page 28. 
are listed bel0vr : 
After 1 day: 
II 2 days: 
II 3 - 4 II : 
II 5 - 12 II: 
the culture ·was very pale yellow, the 
st:rface being pale blue in colour. 
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blue-green colouration on the surface of 
the culture, the remainder being pale 
yellow brmvn. 
fairly dark green throughout. 
olive green. 
When using the G. L. M. + O. 5% KN03 :med.iun instead of the G. L. :rvr. medium, 
green pigmentation vms poorer ( judged visually) , the cultures turning 
more brownish. 
The effect of sub-culturing the organisms of the Liii-1b variant 
in the liquid G. L.M. medium, as well as the effect of various 
o:xygenation conditions on their green pigment forro.ation , was not 
studied. 
(b) Under rnicroaerophilic cona.i tions. 
The organisms of the Li strain of P s e u d o m o n a s · 
a er u gin o s a were capable of producing only one of the main 
red pigments under microaerophilic conditions. An experiment vvas 
carried out to find out whether one of its variants, producing green 
pigrnent(s) under aerobic conditions, could form these micro-
aerophilically. 
Two conical flasks of 500 ml. capacity, each containing 100 ml. 
of the G.L.M. medium, ·were inoculated with the organisms of the 
Liii-1b variant of Pseudo mo n as a e r u g i n o s a. 
-
106. 
The surface of the cultures vras then covered vvi th . a % to % :inch 
layer of autoclaved medic:inal liquid paraff:in. The cultures 
developed a pale yellow col our after 6 days of incubation at 37°0, 
which darkened only slightly after a further 55 days had elapsed. 
No gr-een pigmentation resulted even after 3 months of :incubati on. 
The experiment was repeated us:ing the G. L. M. + O. 5% KN03 medium 
instead of the G. L.M. medium; again no gr-een pigmentation resulted. 
(iv) pH changas :in the G. L.M. medium of this variant. 
Tha pH changes were determined in cultures of the Liii- 1b 
vari ant of Pseudo mo n as a er u gin o s a, us:ing :in 
one experi.rnent the G. L. M. medium and :in the other the G. L.M. + o. 5% 
KN03 medium. 200 ml. of each of the media in a white square g:in 
bottle of approximately 750 ml. capacity were :inoculated with the 
organisms of this variant of the Li stra:in. The culture vessels 
were closed with cotton wool plugs and incubated ly:ing on their side 
at 3700. 5 ml . samples were aseptically withdrawn at :intervals and 
the pH was deterrn:ined. Fig. 10 sur.'ll!larizes the results of this 
investigation. The bacteria ,vere found to be dead when the culture 
reached its maximum pH, no grov:rth taking place when one drop of the 
culture was added to 15 ml. of a fresh G. L. M. mediurn. There are 
no marked depressions in the pH curve ; the cultures turned more olive 
green in shade as the pH rose. 
(v) Pigments formed by the Liii-1b variant. 
Two ma:in pigments are produced when the organisms of the 
... 
Ii t .! -
• • l-, :R • .~ ~- ~.H 
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Liii-1b variant of Pseudo mo n as a e r u g i n o s a 
are grown aerobically in the G.L.M. mediur~, and a third one, having 
an RF of 0.30 (using the butanol-acetic acid-viffi.ter solvent) occurs 
only in traces. A fourth pigment is formed by these bacteria when 
they are gro,vn microaerophilically in the G-. L. M. medium. 
Traces of three of the pigments (fig. 11: 1, 2 and 3), which 
appear to be chemically related, have so far been isolated by paper 
chroniatography*, and their absorption spectra were determined on 
unknown concentrations of these pigments in 1 N HCl, using the 









The table below gives just a few data regarding these 
I ! 
(using then-I Colour in RF Absorption maxLrna 
alkaline butanol-acetic acid ('A, mµ): (pigments 
solution: -water solvent: in 1 N HCl) 
520 
Blue o.55 387 
277 
545 
Yellow- 0. 05 395 
green 295 
560 
Green 0.12 400 
300 
The first pigment listed above has identical properties to those 
3 MM. paper and the butanol-acetic acid-water solvent were used. 
The bana_s of the pigi-nents were cut out of the chromatogram and 
eluted vd th a small volume of 1 N HCl. 
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of pyocyanine; the absorption maxima con~oare very well with those 
7 
obtained by Mirvish and Holliman when they determined the absorption 
spectrum of pyocyanine in N/1000 HCl. The Liii-1b variant of 
Pseudomonas a e r u g i n o s a produced in the G.L.M. 
medium under aerobic conditions only 25 mg. of pyocyanine per litre 
of culture ;~ ( determined by paper chromatography). 
An interesting point to note is that the Liii-1b variant also 
produces two main pigments as is the case with the Li strain. The 
absorption spectra of the various pigments suggest that they all are 
phenazine s. 
(vi) A brief stuq.y of other variants of the Ir-strain of 
Pseudo mo n as a er u gin o s a. 
The following variants of Pseudo mo n as 
. ** a er u g in o s a were examined: 
Liii - 1a; 
Liii - 2 . ' 
Liii - 3b• ' 
Liii - 3bi. 
Slopes of these organisms were supplied by the Bacteriology 
Department of this University. Most of the experiments which were 
carried out with the Liii-1b variant were repeated with the above 
listed variants. The sub-culturing of these organisms on G.L.M. 




Hellinger reported a yield of 230 mg. of pyocyanine per litre 
of the medium she used, and Grosser and Friedrich43 170 mg. per 
litre of their medium. 
Origin of the variants, pages 102 and 103. 
-
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in the forrnation of the original colour, there being no marked decrease 
in its intensity. The behaviour of the bacteria under microaerophilic 
conditions gave , ho,rever, unexpected results. 
Four conical flasks of 500 ml. capacity each containing 100 ml. 
of the G.L.M. medium, were inoculated separately with the organisms of 
the four variants of P s e u d o m o n a s a e r u g i n o s a. 
The surface of the cultures was covered ,vi th 1h to % inch layer of 
liquid paraffin; all were incubated at 37°C. The following table 
S'l.2P.llll3.rizes the results: 
I 
Final colour Final colour Days required to 
Variant: of the aerobic of the micro- develop colour ' under cultures: aerophilic microaerophilic 
cultures: conditions: 
Liii-1a Yellow Yellow 90 
Liii-2 Pale yellow Pale red 55 
Liii-3b Yellow Blue gr:-een 8 
Liii-3bi Yellow-green Red 25 
The culture of the Liii-2 variant was found to contain 3 mg. of 
pigment B, and that of the Liii-3bi variant 7.5 mg. of the same 
pigment, pigment A being absent in these cultures, as it is in the 
case of the Li strain under microaerophilic conditions. 
110. 
S E C T I ON D. 
Possible sequence in the red pigment formation. 
(i) Introduction. 
Cultures of the Li strain of Pseuc1omonas 
a e r u g i n o s a * go through various colour changes, 
turning purplish red eventually, due mainly to the formation of 
pigments A and B. A nurnber of yellow shades can be observed 
during the gro,vth period of these organisms, ranging from a pale 
greenish yellow to a yellow with a distinct bro.:mish tinge. 
Investigations were carried out to determine the number of yellow 
pigments produced, the stage at ,nu.ch they occur, and whether 
there is a definite sequence of yellow pigments leading to the 
formation of the red pigments. 
,, 
At the beginning of this investigation a nurnber of qualitative 
tests were applied to portions of cultures at various stages in 
order to establish whether there was a difference in the chemical 
behaviour of the yellow pigments formed. An obvious shortcoming 
of this approach was that the cultures might contain a mixture of 
yellow pigrnents, the proportion of the individual ones present 
* Colour changes in the G.L. M. medium, p. 24. 
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affecting the tests. The possible sequence in the formation of 
red pigments was later studied by paper chromatography. 
(i i) Qualitative tests. 
16 Boiling tubes at a t~'IlB , each containing 15 ml. of 
the G. L. M. medium, were inocufkted with the Li strain of 
Pseudo mo n as a er u gin o s a , plugged loosely 
with cotton wool , and the cultures were then incubated sloped at 
37°0. Three cultures at random were examined after the first 
yellow colour had developed, and further batches of three cultures 
were tested whenever a change in the colour could be observed 
visually in the remaining samples. The first yellm7 shade is in 
this section referred to as 11 Yellow ru , the second one as "Yellow 
II" , etc. Tests , such as the addition of a mineral acid , a base , 
and a dilute solution of hydrogen peroxide to the culture , and 
the measurement of its pH, were carried out. This was done because 
earlier tests haa. shovvn that yellow cultures exa.i-n:ined at a.iffcrent 
stages of grovrth behaved differently when treated v.d. th the above 
reagents. The ease of oxidising a yellmv cul tu.re to r ed, for 
instance, was found to depend largely on its pH*. The following 
table summarizes the results of the tests : 





















































































































































































































































































































































































































































































































































































































































































































































The tests i:-,ere carried out on unfiltered cultures, because at 
least one yello~ pigment of a 3 - 5 days old culture is adsorbed on 
to the filter pad during filtration. Part of the adsorbed~terial 
can be eluted from the pad with a buffer solution of pH Ll.: , resulting 
in a yellow solution which turns pink when it is exposed to the air 
for 24 hours ; its colour in acid is yello ... 
Of the th.ree "yellows" listed in the above table, yellow II is 
likely to be a mixture of yellow pigments, because only part of 
yellow II results in the formation of pigment B when it is oxidised 
vd th H:z 02 , as was shO"wn by paper chromatography (p. 119 ) • Yell ow 
III is definitely a mixture of at least t,,-,o yellow pigments because 
it yields on oxidation both pigments A and B (p. 119) . No suitable 
solvent has been found to extract any one part of yellm-; II and III 
from cultures. Insufficient information has been obtained from the 
above tests to even suggest a possible sequence in the formation of 
the two red pigrnents. 
The cultures obtained from the organisms of 1VIaytham 1s yellow 
slope* very seldom result in the formation of any red pigments, 
yellm, I only being formed as the above tests have shovm. These 
bacteria probably lack the ability to produce the necessary enzymes 
which are required for the next step in the formation of the 
precursors of the hro red pigments. 
* Maytham ' s yellow slope , p. 32. 
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(iii) The oxidation of yellow cultures. 
The oxidation vid.th ~02 of yellow cultures of the Li 
strain of P s e u d o m o n a s a e r u g i n o s a results 
in most cases in red pigmentation, the red colour intensity 
increasing as the cultures grov, older. This observation was 
studied quantitatively as it might have thr<)Wn some light on the 
problem under investigation. Two 5 ml. portions of a bulk 
culture (200 ml. of the G.L.M. mediwn in a % litro square gin bottle) 
of the organisms vrere withdrawn at intervals; the pH vras measured 
and then adjusted to approximately 9 , using KOH, so facilitating 
a rapid oxidation of the yellow precursors of the two red pigments. 
To one sample was added O. 5 ml. of a 3% ~ 02 solution and to the 
other 0.5 ml. distilled water. The samples vrere allowed to stand 
for 2 hours, after vrhich pigments A and B were determined 
quantitatively, making allowance for the dilution due to the 
addition of ~02 and ~O respectively. 
results: 
The follo~ring were the 



































































































































































































































































































































































































































































































































The ~ 02 -oxidation of the culture at various stages of 
growth indicates that the precursor of pigment Bis produced 
continuously from the 3rd day of incubation onwards, i.e. from 
that time ..-,hen yellow· II ("darker greenish yellow") is present. 
The concentration of pigment B increases steadily as the culture 
grm7s older, indicating that yellm, II is converted continuously 
into the yellow precursor of pigment B (yellow IIIB). Yellovr 
III ('1yellovr brmv.n.11 ) must contain the yellow precursor of 
pigment A (yellow IIIA) as well , as it gives rise to both 
pigments A and B when it is oxidised at a pH of 8.15 or higher. 
Only little of yellow IIIA is produced, bei ng formed at a certain 
stage of growth only, viz. during the 7th and 9th days of 
incubation when a pH of 8.15 - 8. 35 has been reached (compare 
vvith the summarised results on p. 78 ). The following may 
thus be a possible sequence in the production of the t wo red 
pigments: 
' 
G. L. 1'I. medium, inoculated vtl th the Li strain 
of Pseudo mo n as a er u gin o s a 













(reduced pigment A) 
Yellow IVD 
(reduced pigment B) 
I 
Pigment A BgmLt B 
T'ne later precursors of pigment A may have been formed from 
yellow I; there is, however, insufficient evidence for this. 
(iv) A study of the sequence in red pigment formation 
enrploying ·paper chromatography: 
A good separation of pigments A and B has been achieved by 
means of paper chromatography, using as solvent the upper layer of a 
5:1:4 mixture of n-butanol, ·acetic acid and water. The yellow 
pigments, produced during the various stages of growth by the Li 
* Oxygenation conditions for the formation of pigments A and B, 
Section B, part 2(b). 
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strain of Pseudomonas a e r u g i n o s a in the 
G. L. M. medium, did not separate ·well vii th the above sol vent. The 
top layer of a 4 :1 n-butanol-HCl mixture, saturated rrlth ;;;rater at 
r oom terrrperature , gave a reasonably good and fast separation of t he 
yellm7 pigments produced by these organisms. This solvent and 
3 MM~ paper were used throughout all the investigations discussed 
in this and the follorrlng sub-section. 
Up to 20 boiling tubes at a time , each containing 15 ml. of 
the G. L. M. medium, were inoculated -vv.i.th the organisms , and the 
cultures '."!ere incubated sloped and aerobically at 37°C. 
Approximately 0. 2 ml. of the yellow culture , examined at various 
stages of growth, ·was absorbed in several applications on to the 
paper as a spot and the location of the pigments hras achieved by 
comparing R:B, values with pigments A and B which were run alongsio.e 
on the same strip of paper. 
The cultures, previously said to contain yellow I , resulted. in 
one yellow spot only, having an~ of 0. 15; under ultra-violet 
light a 1,vhi te-blue spot with an R:B, of o. 04 ·was visible. The 
yellow II cultures gave in addition to these spots tiao further 
yello,,, spots vrlth ~ ' s of 0. 24 and 0. 31 respectively, the latter 
being present in small quantities only. The yellovr III cultures 
were found to contain large amounts of the yellow pigment having 
an R:B, of o. 31, and only small quantities of the other pi&?;.nents 
mentioned above ; it also contained t\:ro additional yellow pigments 
119. 
with ~'s of 0. 45 and 0. 40 respectively. A number of other yellmv 
pigments have been observed on occasions and these w'ill be referred 
to at a later stage. 
of the experiment : 
YelloYr stages 
of the culture: 
Yellow I 
Yellow II 
Yellow I II 
-
The follow1ng table summarizes the findings 
~ of the yellow pigments present: 
0. 15 
0. 15; o. 24; 0. 31 (trace) . 
) 0. 15 and 0. 2'1. (trace) ; 
' 0. 31 and 0. 45 (large amounts) , 
' and 0. 40 (small amounts) . .. 
The yelloi.-r spots were carefully cut out from the chromatogram 
and the pigments were separately eluted with a small volume of a 
buffer solution (pH 9. 1); one drop of ~O:a ,-.,as added to each 
solution, then allmring these to stand for 1 hour, after which they 
vrere absorbed in several applications on to 3 MM. paper as a spot. 
The n-butanol-HCl mixture was employed as solvent. The yellow 
pigments vtl th an ~ of O. 40 and o. 31 yielded after the ~ 02 -
oxidati on pigments A and B respectively; the yellow pigments with 
~ 0. 15 and o. 24 turned colourless, and the one , r.i.. th an ~ of O. 45 
gave a red pigment with an ~ of o. 46. 
Microaerophili0 cultures , which result in the majority of cases 
in the forrna tion of pigment B only, were also examined, and it yras 
shovm t :hat these produced yellmv pigments with~ ' s of 0. 15 , O. 24 
and 0. 31 respectively, and occasionally one or two other yellow 
120. 
pigments. 
therefore be : 
A possible sequence in the formation of pigment B may 
G. L. M. medium, inoculated v1-i th the Li strain 
of Pseudo mo n as a er u gin o s a 
V 
Yellow, ~ 0. 15 
l 
Yellow, ~ 0. 24 
l 
Yellbw, ~ 0. 31 
l 
Yellmv (reduced pigment B) 
l 
Pigment B, ~ o. 33. 
There was at this stage insuff icient information on hand to suggest 
a possible sequence in the formation of pigment A. It ap~Jears from 
the r esults obtained thus far that the two yellrn,v pigments with 
~ ' s of 0 . 15 and 0. 24 are common precursors to both pigment A and B, 
but there is no proof for this as yet. 
-
Yellow cultures, obtained from the organisms of Maytham's 
yellow slope*, were found to contain only two yellow pigments 
having an~ of 0. 15 and 0. 24 respectively, the latter being no 
longer present in older cultures. If one or both of these 
121. 
yellow pigments are corrunon precursors of pigments A and B, the 
organisms (the Li strain, producing normally red pigments) should 
then be able to convert Maytham ' s yellow to pigments A and B, 
provided that the correct oxygenation conditions are applied. .An 
ex-periment was carried out to investigate this possibility :-
200 ml. of the G. L . M. medium were inoculated with 1 ml. of a 
starter of the Li strain of Pseudo m o n as 
a e r u g i n o s a and the mixture vras shaken thoroughly to 
ensure an even distribution of the organisms throughout the whole 
medium. 13 ml. portions of this culture were aseptically trans-
ferred to each limb of 5 pairs of inter- connected sterilized 
boiling tubes (Fig. 12, A) . Pairs of inter-connected tubes were 
** used in this ex-periment so that the oxygenation conditions in 
each limb of a pair of cultures might be the same. To one limb 
of the first pair of tubes vvas added 2 ml. of a_istilled water and 
to the other 2 ml. of the filtrate of Maytham's yellow culture , 
lmown to contain the tvm yellow pigments with ~ ' s of o. 15 and o. 24.· 
respectively. The openings of all pairs of tubes were plugged 
loosely with cotton vrool , and the cultures were incubated sloped 
at 37°C. After 24 hours of grovvth 2 ml. of distilled water w-ere 
* 
*'~ 
Maytham' yellow slope , p. 32. 
Effect of oxygenation conditions on red pigment formation , 







added to the culture in one limb of the second pair of inter-connected 
tubes, adding to the other 2 ml. of the same filtrate of :Maytham's 
yellow culture ,, hich has been used previously and which had been 
stored in the refrigerator. All pairs of tubes were then shaken so 
that the contents of each wa.s disturbed to about the same extent. 
This vras repeated 2, 3 , and 5 days after inoculation, Maytham 's 
yellow having thus been added to the actively growing cultures at 
various stages. All cultures were incubated for 13 days after which 
no f'urther colour changes could be observed, and pigments A and B 
were then determined on each. The results of the experiment are 
summarized in the table given below: 
Colour 
I : ·: 
of the I mg. of I mg. of rg· of mg. of 
I~O or culture at I pigment A pigment B!pigment A pigment B 
Maytham's the time per litre per litre ijper litre per litre 
yellow when ~O or of culture of cultureof culture of culture 
added to 1Yl'.aytham 's to ·which to which \1 to which to which 
the yellow ,vas ~o was ~o was JMa.ytham 's Maytham 1s 
culture added: added: added: !yellow ,ms yellow was 
after: ' 1added: added: 
i ' 
Jnoculation - ,! 1.5 13. 5 i 2 13.5 ,l I I• 
l 1 day Pale yellow jl 
throughout i 1.s 13 i 4 13 ! 2 days Yellow with i 
brO"wn tinge ii 1 13 i 4 14 
3 days Surface of the;j ' 
culture is 
orange red, ;j 
I i remainder ' 
yellmv brown. ;1 1 •. 5 13.5 5. 5 15 
5 days Orange to I 
purplish red ! 
, throughout 1 13 I trace 17.5 
'· 
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The results show that red pigmentation in general is poor. 
Previous experiments have already shown that red pigment production 
in disturbed cultures is variable and never as good as in static ones 
(see page 43). The figures obtained indicate that pigment A_is 
formed from Maytham ' s yellow .-,hen this is added d1..1.ring the early 
stages of grow-th, viz. 1 - 3 days after inoculation, whereas pigment 
Bis produced vmen it is added later, the increase in its concentration 
being not as marked as that of pigment A. The results of the 
experiment indicate that both pigments A and. B can be formed from 
Maytham's yellow, containing the trro yellow pigments ,vith ~'s of 
0.15 and 0.24 respectively, and since no suitable method is 
available for the separation of these two yellow pigments in bulk, 
it is :impossible to determine nhether the yellow pigment(~, 0.15) 
alone, or both yellow pigments are common precursors of the tvro red 
pigments. There are therefore two possible sequences in the 
formation of pigment A as is indicated by the follow:ing scheme: 
G.L.:M. medium, inoculated with the Li strain 
of Pseudo mo n as a er u gin o s a 
I 
Yellmv~' ~ 0.15 
I ~--------------------1 




Yellow (reduced pigment B) 
L 




- ·-· --. \ VI' 
Yellmv, ~ 0.40 
1 
Yellow (reduced pigment A) 
l 
Pigment A,~ 0.42 
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A further experiment was caITied out to investigate whether 
Maythrun' s yellow could be converted to pigments A nnd B with the aio_ 
of the red pigment producing organisms of the Li strain of 
P s e u d o m o n a s a e r u g i n o s a . The apparatus shown 
in Fig. 12, B was errrployed for this purpose, keeping cultures in the 
two limbs separated in the one case by means of a glass plate and in 
the other by the use of a cellophane membrane, which might allov, the 
diffusion of some of the products of the organisms to take place from 
one limb of the apparatus to the other. 50 ml. of the G. L. M. 
medium were inoculated i,,vi th o. 5 ml. of a starter of the organisms 
from Maytham ' s yellow slope and the mixture vms shaken thoroughly to 
ensure an even distribution of the bacteria throughout the ,n1ole 
medium. 20 ml. portions of this culture were aseptically transferred 
to one limb of each of the two pieces of apparatus, then placing into 
the other limbs 20 ml. of a culture of the Li strain of 
P s e u d o m o n a s a er u gin o s a, prepared by mixing 
thoroughly 0. 5 ml. of a starter of these organisms with 50 ml. of the 
G. L.M. medium. The four openings were plugged loosely with cotton 
wool, and the cultures were incubated standing upright at 37°C. 
If Maythrun' s yellovv pigments can diffuse through the cellophane 
membrane then the bacteria of the Li strain should, according to the 
results of the previous experiment, convert them to the red pigments, 
resulting in an increased concentration of either pigm;nt A or 
pigment B, or both. 
-
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No further colour changes could be observed in any of the cultures 
after 24 d.nys of incubation. Ma.ytham I s culture in the limb ending 
,vith the glass partition was only pale orange red, and that in the 
adjoining one a.ark purplish red. The cultures separated by the 
cellophane membrane were about equally dark red, :Maytham ' s culture 
having an orange tinge due to the presence of a yellow pigment with 
an ~ of 0.15, and the other a purplish tinge, yellow pigments being 
absent. It vm.s shovm by means of paper chromatography that the 
yellow pigment with an ~ of 0. 15 was not able to diffuse through 
the cellophane membrane , - at least not in appreciable quantities, -
whereas pigment B could. The cultures of the two limbs of each 
apparatus were combined, water was added to make up for the loss in 
volume due to evaporation, and the concentra tion of pigments A and 
B was determined. Pigment A was absent in both cases, and the 
concent~ation of pigment B vvas found to be 17 mg. per litre in the 
combined cultures which were originally separated by a glass plate , 
and 16 mg. per litre in the other culture. · The yellovr band, ·which 
was present in both chromatograms , was cut out and the yellow 
pigment was eluted in each case ,vith 15 ml. of a_istilled water , and 
the clarified solutions were compared photometrically. Both com-
bined cultures vvere found to contain about the same amount of the 
yellow· pigment. 
The results show that this experiment has failed to give further 
evidence for the possible conversion of Maytham's yellow to pigments 





cultures; it has been observed previously (p.121) that older cultures 
of Maytham's strain did not contain this yellow pigment either. 
(v) Yellow pigments present in cultures only occasionally. 
The yellov, pigments vri th ~ 's of 0. 15, o. 24 , O. 31, O. 40 
and 0.45 respectively are always present,at least at some stage, in 
the cultures of the Li strain of P s e u d o m o n a s 
a er u gin o s a , provided both pigments A and Bare formed 
eventually. The possible role of the yellow pigment, having an 
~ of 0.45, in the formation of the tv,o red pigments is not under-
stood. It may precede the yellow pigment (~ 0.31) in the formation 
of pigment B, since it occurs together with the latter in large amounts 
* at the same stage of growth; it is absent, how-ever, in microaerophilic 
cultures which yield in most cases pigment B only. 
Yellovr pigments, having ~'s of 0.35, 0.49, and 0.85 respectively, 
are occasionally found in yellow cultures of the Li strain, the latter 
occurring, when present, in large quantities. It was possible to 
elute small amounts of this yellow pigment (~ . 85) from a chromato-
gr-am with a buffer solution of pH 9.15 and to determine its absorption 
spectrum before and after 11202 -oxid.ation at the same pH (fig. 13). 
The oxidation rosulted in the formation of a red water soluble 
pigment, which changed its colour under acid conditions to yellow, 
being then no longer soluble in ,va ter but in n-butanol. 
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A definite sequence in the formation of pigments A and 
B could not be established. The ex-perimental data indicate that 
the two red pigments have at least one precursor, a yellow pigment, 
in common. 
128. 
SE C T I O N E. 
Attempted interconversion of pigments "A" and "B". 
Oxygenation conditions* play an important part :in red pigment 
formation by the Li stra:in of P s e u d o m o n a s 
a er u gin o s a, optimmn red pigmentation tak:ing place :in 
shallow static aerobic cultures. The relative amounts of pigments 
A and B produced have been shovm to depend largely on oxygenation 
conditions, t he formation of pigment A being favoured by an :in-
creased air supply or by the :inclusion of a chemical source of oxygen 
into the medium, the yield of pigment B being hardly affected under . 
these conditions. }!Ticroaerophilic cultures, on the other hand, 
produce :L""1 most cases p~gment B only. The possibility that pigments 
A and Bare :interconvertible when added separately to a culture of 
the Li stra:in grown under oxygenation conditions which favour their 
:individual formation was investigated. Interconnocted boil:ing 
tubes (fig. 12, A) were used :in some of the experiments in order to 
standardise as far as possible the oxygenation conditions of two 
cultures under test. 
150 ml. of the G-. L. M. medium were inoculated with 1. 5 ml. of a 
starter of the Li strain of Pseudomon as a e r u g i n o s a 
and then shaken to ensure an even distribution of the organisms 
throughout the medium. 12 ml. portions of this culture vrere aseptically 
* Oxygenation conditions, Section B, part 2. 
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transferred to each limb of four pairs of interconnected boiling 
tubes, then adding to one limb of the first t wo pairs 3 ml. of an 
aqueous solution of pigment A (4.0 mg./100 ml.), to one limb of the 
remaining t wo pairs 3 ml. of an aqueous SJ lution of pigment B ( 3. 7 mg. 
/100 ml.), and, as a control, 3 ml. of autoclaved distilled ,vater to 
the other limb of each pair of the connected tubes. The open ends 
of 2 pairs of tubes were plugged loosely ,vi.th cotton wool, and the 
remainder tig.,~tly. The oxygenation conditions of the first 2 
sets of cultures favour the formation of pigment A, but those of 
the remaining ones a.o not. - All the cultures ,vere incubated. 
sloped at 37°C. They turned yellmY after 24 hours of grmvth, the 
red pigments, which were added to half of the cul tu.res, being 
reduced. It was shown in a separate experiment that cultures, 
containing reduced pigment A and B, turned red within 2 minutes of 
passing a stream of air through them. The concentration of 
pigments A and B ,;ra.s determined in each case af'ter 12 days, when 
no further colour changes in the cultures could be observed. The 
table given belovv summarizes the findings: 
-
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Culture with an 
initial concentration Cotton Pigment A in Pigment Bin 
of: wool mg. per litre mg. per litre 
(Pigments A and B plug of culture: of culture: 
expressed in mg./ fitted: 
litre culture) 
8 mg. piwnent A. I 10.5 30 Control to which Loose 16 27 r 
~O was added ) 
8 mg. pigment A i 2 28 
Control to which l Tight 4 31 ( 
~ 0 was added. ) 
7.4 mg. pigment B 1 Loose 12 34 
Control to which r 14 29 
~ 0 \va.s added. ) 
7.4 mg. pigment B ) 2 35 
Control to which J 
Tight 2 27 
~ 0 was added. 
These results indicate that pigment Bis neither used by the 
bacteria nor is it converted to pigment A. Cultures, to which 
pigment A had been added, contain even less of this pigment than 
the control cultures, the concentration of pigment B being hardly 
affectea_. It can be concluded that the organisms can use up 
pigment A, but why its concentration in the control should be highe~ 
than in the culture, to which it had been added, is not clear. 
An experiment, in which pigment A "VVas added to an actively 
grow:i..ng culture at various times, was carried out to determine at 
what stage of growth pigment A is used by the bacteria, and whether 
the concentration of pigment Bis increased in any of these cultures. -
Seven pairs of interconnected boiling tubes vrere used in this experiment, 
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transferring into each limb 12 ml. from a bulk culture, freshly pre-
pared by shalcing 200 ml. of the G. L. M. med.itnn with 2 ml. of a starter 
of the Li strain of Pseudo mo n as a e r u g i n o s a . 
To the culture in tho one limb of the first pair of tubes was added 
3 ml. of an aqueous solution of pigment A (4.0 mg./100 ml.) and to the 
other, as a control, 3 ml. of autoclaved distilled water. The 
addition of pigment A and water to one pair of cultures at a time -vms 
repeated daily up to the sixth day of incubation, shaking all the 
cultures at the time of addition to about the same extent. - All 
tubes were plugged loosely with cotton wool , and the cultures were 
incubated sloped at 37°C. The concentration of pigments A and B vvas 
determined after no further colour changes could be observed in any of 
the cultures. The results arc tabulated below, referring to the 
cultures to which water had been added as "control", and to the 
others as 11 samplc 11 : 
jColour of the 
I 
Addition Pigment A in mg. I Pigment B in mg. 
I 
of pigment culture at the per litre culture: ! per litre culture: 
A after: tirne of the I 




9.5 8 ! 28 24 -
1 day Bright yellow 10 2. 5 I 27 24 I 
I 
2 days Greenish yellow , 14 15 I 29 30 
3 days Brovmish :,'Gllow 12 16 ! 29 32 
4 days Orange red 15 18 26 26 
I 
: 
5 days Orange to ! l 
purplish rod 17.5 15 j 24 24 
6 days Purplish red 15 17 I 26 25 
i 
(Some of the organisms of the 6 day old culture were still viable as 




The amount of pigment A present in the 11 sample" cultures, due 
only to the addition of this pigment at various times, is equivalent 
to 8 mg./litre. The results of this experiment show thus that the 
bacteria are using pigment A during all stages of growth, especially 
so during the earlier ones, there being no increase in the con-
centration of pigment B because of this. There is thus no evidence 
that pigment A can be converted into pigment B. 
Microaerophilic cultures of the Li strain in the G. L. M. medium 
result in the majority of cases in the formation of pigment B only, 
the oxygenation conditions being unsuitable for the production of 
pigment A. An experiment was carried out to investigate whether the 
organisms can interconvert the t\,,o red pigments under these conditions. -
12 ml. portions of a freshly prepared bulk culture of the Li strain of 
Pseudo mo n as a er u gin o s a in the G.L.M. medium 
were transferred into three 100 ml. conical flasks, adding to one 
3 ml. of an aqueous solution of pigment A (4.0 mg./100 ml.), to 
another 3 ml. of an aqueous solution of pigment B (3.7 mg./100 ml.), 
and to the remaining one flask 3 ml. of autoclaved distilled water. 
The surface of all cultures -was covered with a layer of medicinal 
liquia. paraffin, and the flasks were closed vvi th cotton wool. All 
cultures were incubated at 37°0, and the concentration of pigments 
A and B was determined at the end of the ex-_periment. The follovdng 
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results were obtained: 
I i Culture with an initial 
I 
concentration of : Pigment A in mg. Pigment B in mg. 
(Pigments A and B per litre culture: per litre culture: 
expressed in rng./Litre I 
8. 0 mg. of pigment A I ' 
I 11 
l 7. 4 mg. of pigment B absent 16 
·' 
Control t o which R;i 0 j was added 10 
These results confirm some of the findings of the previous 
experiments, namely, that the bacteria cannot use pigment B, but 
that they can break dovm pi gment A without converting it into 
pi gment B. 
The organisms of the Li strain of Pseudo mo n as 
a e r u g i n o s a graw· well in the G.L. M. medium from which 
glycine has been omitted, but these cultures do not result in red 
pigmentation*. This medium was thus chosen to investigate further 
I 
the possible interconversion of pigments A and B. 12 ml. portions 
of the G.L. Tu~ medium lacking glycine were transferred aseptically 
into 15 boiling tubes, adding to five 3 ml. of an . aqueous solution 
of pigment A (4. 0 mg./100 ml.), to another five 3 ml. of an aqueous 





solution of pigment B (3.7 mg./100 ml.), and to the remaining five 
tubes 3 ml. of distil1ed vvatcr. All mea.ia were inoculated with the 
Li strain of the organisms, plugged loosely with cotton wool, and 
incubated sloped at 37°C. 
None of the cultures turned red, not even after 12 days of 
incubation. The ten cultures, to which either pigment A or pigment 
B had been added, were after this time pale yellovr in colour, the 
remainder being off white. The 5 cultures of each set were 
combined, their pH was measured, and found to be only 7. 3. KOH was 
added to r aise their pH to gt.• , and 1 ml. of a ;3C'/o ~ 02 solution was 
added to each of the 3 cultures, allowing them to stand for 2 hours. 
The cultures, to which pigment A and B respectively had been added 
originally, turned red, the other remaining off white. The con-
centra tion of pigments A and B vms determined on each set of combined 
cultures, the results being: 
Culture with an initial 
concentration of : 
(Pigments A and B 
expressed in mg./litre) 
8.0 mg. of pigment A 
7.4 mg. of pigment B 
Control to which ~O was 
added 
Pigment A in mg. 




Pigment B in mg. 
per litre culture : 
4.5 
absent 
The results of this experiment indicate quite strongly that 
* The effect of pH on the ease of oxidation of a yellow 




pig,nent A can be converted into pig,nent B by the bacteria when the 




Some of the evidence given in section D indicates that pigments A 
and B have a common precursor. The experiment in ,mich Maytham's 
yellow, containing two yellow pigments, was added to an actively growing 
culture at different times has shown quite clearly that it may be con-
verted into pigment A in maximum quantities when added at a stage when 
the surface of the culture is developing an orange colour, - a stage 
when pigment A is formed naturally. Pigment B may- be formed :f'rom 
M.a.ytham's yellow when this is added to the culture at a later stage of 
growth (p. 121 - 123) . A common precursor is thus clearly indicated. 
The quantitative study of red pigment formation at various pH's 
(p. 77) has shown that pigment A is present in the culture in appreciable 
quantities before pigment B is formed. With an increase in the pH of the 
culture the concentration of pigment A decreased first sharply, then 
slightly. Figure 3, giving the plotted results of this experiment., 
shows that the flattening of the pigment A curve coincides with a 
marked increase in the concentration of pigment B, the concentration of 
pigment A dropping sharply thereafter, indicating the possible conversion 
of pigment A into pigment B. The results of this experiment also point 
to the possibility of a con:nnon precursor being formed by cultures of the 
Li strain of P s e u d o m o n a s a e r u g i n o s a, which is 
converted into either pigment A or B., depending on definite conditions. 
The flattening of the pigment A curve indicates that the conditions for 
its production :f'rom the common precursor are no longer suitable, but 
are favourable for the formation of pigment B., thus giving rise to a 
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marked increase in its concentration. 'lhe following are possible ways 
in which the above conversion might take place: 
(i) Corrnnon precursor 
(ii) 
The common precursor appears to be formed up to a stage when the culture 
has reached a pH of approximately 8, there being no red pigments present 
at this tirne (m:unmarised results, p. 78 ). :eetween a pH of 8.0 and 8.5 
this precursor is converted mainly into pigment A, only small amounts of 
pigment B being formed. '1he rate of the conversion of this common 
precursor into pigment A is in this pH range (8.0 - 8.5) greater than 
the rate of its conversion into pigment B. IJ:he fonnation of pigment A 
at higher pH's appears not possible, whilst the production of pigment B 
occurs best under these conditions. 
The conversion of a cormnon precursor into either of the two red 
pigments thus appears to be dependent on pH. 'lhe follovtlng might sub-
stantia te this suggestion: 
(a) All the experiments given in section B, part 3, ,shovr that 
pigment A is produced betwocn a pH range of 8. 0 - 8. 5. 
(b) A cul tu.re which has reached a natural pH of 7. 5 - 7. 7, and 
which is then raised artificially to a pH of 8.5 - 9.0 
(c) 
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(i.e. beyond the pH range suitable for the formation of 
pigment A) and subsequently oxidised, results in the pro-
duction of pigment B cnly (p. 115) . 
A culture which has roached a natural pH of 8. 35 (i.e. a 
suitable pH for the formation of pigment A), and which is 
then raised artifically to a pH of 9 and subsequently 
oxidised, yields no more of pigment A than the control 
culture which developed a natural pH of 9 (p. 115). 
The importance of pH is thus indicated. It must be pointed out, 
hmvever, that the common precursor can be produced at pH's greater 
than 8 as is clearly indicated in the erperirnent listed on page 76. 
Here media with initial pH's of 8.0 and 8.1 respectively were 
inoculated ·with the organisms of the Li strain of 
P s e u d o m o n a s a er u gin o s a; the cultures resulted 
in the formation of the usual amount of pigment A, the concentration 
of pigment B being much less than in cultures starting ,vith a pH of 
7.0. These results show that the common precursor is produced almost 
continuously. 
Oxygenation conditions appear also to affect the conversion of 
a corrnnon precursor to the tvro red pigments, aerated cultures, or 
cultures supplied with a chemical source of oxygen, resulting in an 
increased concentration of pigment A, .~1ereas microacrophilic cultures 
(oxygen supply very poor) result in the majority of cases in the 
formation of pigment B only. This is further substantiated by the 
results obtained from the experiments listed in section B, part 2b. -
The following scheme is therefore suggested as a summary of the 




(a) pH: 8.0 - 8.5 (a) pH: 8.5 and above 




Pigment A Pigment B 
Although the majority of experiments on the possible conversion 
of pigment A into pigment B show that the organisms can utilise 
pigment A but gave no indication of its conversion to pigment B, in 
the absence of glyc1ne from the G. L. M. medium evidence for the con-
version of A to B was obtained (p. 133 - 135). The pH of the cultures 
to which glycine was not added never exceeded 7.3. This indicates 
that pigment A is converted into pigment B via a "direct" route and 
not via the common precursor route , since the cultures, of which the 
pH was raised artificially to 9 and then subsequently oxidised, 
resulted in the formation of both pigments A and B. The later pre-
cursor of pigment A must thus have been present. If the common 
precursor had been present it should have yielded at pH 9 pigment B 
only. The scheme belovr thus app-;ars applicable: 
-· . .• .. ' 
140. 
7P~ 
Pigment A ~ Pigraent B 
(i) 
APPENDIX. 
Structural investigations on pigments A and B. 
The following information has been supplied by Professor F. G. 
24 
Holliman in a private communication: 
(a) Pigrrent A. 
The analyses on the crystalline pigment A indicate a fornrula 
0141\ 1 02 N3 ,2~0. The absorption spectrum of 2-aminophenazino, in 
acid solution, is almost identical with that of the pigment. Thennal 
decomposition of pigment A gives a small amount of sublimate, which, 
by paper chromatography, has been shovm to consist of two products. 
The behaviour of these substances suggested that they were 2-amino-
phenazine and the anhydronium base of its methyl quaternary salt. 
The colour of 2-aminophenazine is red in acid and yellowish in alkali, 
whereas that of pigment A remains red under similar conditions, which 
suggests the presence of a quaternary salt group in pigment A. 
2-aminophenazine methiod.ide was found to travel at the same rate, 
on paper chromatography, as one of the decomposition products of 
pigment A. Pigment A, however, shmvs little movement on paper electro-
phoresis at pH 7, suggesting that it cannot carry a net positive charge 
as would be required for a methosalt of 2-aminophenazine. The infra-
red spectrum of the pigment shows the presence of strong bands in 
regions where the carbozy anion of betaines shows -absorption. From 
this information and from the forrrrula deduced from analyses it seemed 
likely that the pigment would be a 2-amino-?-carboxy-9-methyl 




Further investigations are in progress but these are handicapped 
by the small quantities of pigment available. 
(b) Pipment B. 
Pigment B, although present in the original culture of the Li 
strain o£ Pseudo mo n as a er u gin o s a in greater 
concentration than pigment A is considera~ly more unstable, and only 
small quantities are eventually isolated. Crystallisation is also 
more difficult than in the case of Pigment A. 
'llle analyses on pigpent B indicate an empirical formula of 
<; 6 J\ 6 06 N3 S. The absorption spectrum of the pigment shows that it 
is very closely related to pi~nt A as far as the chromophoric-group 
is concerned. Electrophoretic studies suggest the presence of a 
strongly ionised acidic group; this is further borne out by the fact 
that aqueous solutions of the pigment have a low pH. On the basis 
of the structure of pigment A suggested above, the acidic nature of B, 
the presence of sulphur and the analytical results, the following 
formula (II) is suggested: 
- COOH 
- 803 - + HgO 
- CHa or - C:&i -
n 
(iii) 
Pigment B yields no volatile products on thermal degradation. 
Further studies on the structure of the pigment are in progress. 
(c) General. 
A preliminary publication on these pigments is at present being 
24 
prepared. by Professor Holliman and vrill shortly be submi ttea. The 
:full details of the isolation of both pigments A and B ,;rill be 
prepared as the first paper on this investigation and will shortly 
be published& 
- --
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